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APPEAL BRIEF 

BOX AF 

Assistant Commissioner of Patents 
Washington, D C. 20231 

Sir: 

Appellant hereby submits an original and two copies of this Appeal Brief to the Board of 
Patent Appeals and Interferences in response to the final Office Action dated June 19, 2001 . The 
fee for filing this Appeal Brief is $160.00, and is attached hereto. 

The Notice of Appeal was filed on September 19, 2001, and received in the Patent and 
Trademark Office on September 24, 2001, making this Appeal Brief due on November 24, 2001. 
A petition for a two-month extension of time to respond is included herewith along with the 
required fees for filing this Appeal Brief. This two-month extension of time will bring the due 
date to January 24, 2001. Should any other fees be due, or the attached fee be deficient or 
absent, the Commissioner is authorized to withdraw the appropriate fees from Fulbright & 
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Jaworski Deposit Account No. 50-1212/10008013/GNS. Please date stamp and return the 
enclosed postcard to evidence receipt of this document. 

I. REAL PARTY IN INTEREST 

The real party in interest is the assignee, ARCH Development Corporation. 

H. RELATED APPEALS AND INTERFERENCES 

There are no interferences or appeals for related cases. 

m. STATUS OF THE CLAIMS 

Claims 1-36 were originally filed in the application on December 8, 1998. Claims 1-22, 
the Group I claims, were elected for prosecution in telephonic conference with the Examiner on 
July 7, 1998. Claims 1, 3, 4, 7, 12, 15, and 16 were amended, claim 37 was added, and claims 2, 
5, 6, and 21 were cancelled without prejudice or disclaimer in the Response to Office Action 
dated August 4, 1999. Claims 22-36 were cancelled without prejudice or disclaimer, claims 1 
and 4 were amended, and claims 38-40 were added in the Response to Office Action dated 
February 1, 2000. Claim 4 was cancelled without prejudice or disclaimer and claims 1, 7, 12, 
and 14 were amended in Response to Office Action dated October 24, 2000. Claims 1, 3, 7-20, 
22, and 37-40 were rejected in the Final Office Action dated June 19, 2001. Claims 38-40 were 
withdrawn from consideration as being directed to a non-elected invention in the Final Office 
Action dated June 19, 2001. 

Accordingly, claims 1, 3, 7-20, 22, and 37 are pending. Of these, claims 1, 3, 7-20, 22, 
and 37 are the subject of the present appeal and stand appealed. A copy of the appealed claims is 
attached as Appendix A to this Brief. 
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IV. STATUS OF AMENDMENTS 

No amendments have been filed subsequent to the final rejection. 

V. SUMMARY OF THE INVENTION 

The present invention discloses a method of identifying a candidate substance that 
inhibits the aggregation of a mammalian aggregate-prone amyloid protein, comprising: (a) 
contacting a yeast cell that expresses a chimeric aggregate-prone amyloid protein comprising a 
mammalian aggregate-prone amyloid peptide with said candidate substance under conditions 
effective to allow aggregated amyloid formation; and (b) determining the ability of said 
candidate substance to inhibit the aggregation of the aggregate-prone amyloid protein. In other 
embodiments, the mammalian aggregate-prone amyloid protein comprises a PrP or p-amyloid 
polypeptide. In further embodiments the chimeric protein comprises at least an aggregate 
forming domain of a mammalian aggregate-prone amyloid protein operably attached to a 
detectable marker protein. In certain embodiments, the marker protein is green fluorescent 
protein, luciferase, a drug-resistance marker protein, or a hormone receptor. In particular 
embodiments, the hormone receptor is a glucocorticoid receptor. In other embodiments, the 
chimeric protein comprises at least an aggregate forming domain of PrP or p-amyloid. In certain 
embodiments, the chimeric protein comprises at least about amino acids 1-42 of p-amyloid 
protein. In other embodiments, the chimeric protein comprises Sup35 in which the N-terminal 
domain has been replaced by amino acids 1-42 of P-amyloid protein. In further embodiments, 
any aggregation of the mammalian aggregate-prone amyloid protein is detected by the ability of 
the aggregated protein to bind Congo Red or is detected by increased protease resistance of the 
aggregated protein. In other embodiments, the aggregate-prone amyloid protein is labeled. The 
label may be a radioactive isotope, a fluorophore, or a chromophore. In certain embodiments, 
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the label is S. In particular embodiments, the fluorophore comprises a green fluorescent 
protein polypeptide. In other embodiments, the yeast cell overexpresses Hspl04. In further 
embodiments, the aggregated amyloid formation is evidenced by the formation of fibrillary 
material. Specification at page 5, lines 10-15, 18-19, and 21-30; page 6, lines 1-30; page 7, lines 
1 and 8-9. 

VL ISSUES ON APPEAL 

A. Whether claims 1, 3, 7-20, and 22 are properly rejected under 35 U.S.C. § 
102(b) as being anticipated by Hughes et all 

B. Whether claims 1, 3, 7-20, 22, and 37 are properly rejected under 35 U.S.C. § 
102(b) as being anticipated by Cordell et all 

C. Whether claims 1, 2, 7, 12-13, 17-18, and 37 are properly rejected under 35 
U.S.C. § 102(e) as being anticipated by Findeis et al.l 

D. Whether claims 7-1 1 are properly rejected under 35 U.S.C. § 1 12, first 
paragraph as being not enabled? 

E. Whether claims 7-1 1 are properly rejected under 35 U.S.C. § 1 12, second 
paragraph as being indefinite for failing to particularly point out and 
distinctly claim the subject matter which Appellant regards as the invention? 

F. Whether claims 7-1 1 are properly objected to under 37 C.F.R. § 1.75(c) as 
being of improper dependent form for failing to further limit the subject 
matter of a previous claim? 

VEL GROUPING OF THE CLAIMS 

For purposes of this Appeal, the claims do not stand or fall together as set forth in the 
Argument below. In summary, the Examiner's only stated grounds for rejecting claims 8-11, 14- 
16, 19, 20, and 22 as being anticipated by Hughes et ai and claims 4, 7-14, 16, 20, 22, and 37 as 
being anticipated by Cordell et al is that these claims depend from rejected base claims. 
Appellant contends that it is improper to reject claims on the sole basis that they depend from 
rejected base claims. In any event, every element of these rejected claims are not disclosed 
either expressly or inherently in the cited prior art references. 
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VIII. ARGUMENT 

A, Rejections Under 35 U.S.C. § 102 Are Improper 

1. Standard of anticipation 

The novelty of the claimed invention is tested by determining whether or not the claimed 
invention is anticipated by the prior art as defined in 35 U.S.C. § 102. Anticipation requires that 
each and every element of the claimed invention be described, either expressly or inherently, in a 
single prior art reference. Telemac Cellular Corp. v. Topp Telecom, Inc., 247 F.3d 1316, 1327, 
58 U.S.P.Q.2d 1545, 1552 (Fed. Cir. 2001); Verdegaal Bros., Inc. v. Union Oil Co., 814 F.2d 
628, 631, 2 U.S.P.Q.2d 1051, 1053 (Fed. Cir. 1987). An anticipation analysis requires 
identifying the elements in the claims, determining their meaning in light of the specification and 
prosecution history, and identifying the corresponding elements disclosed in the anticipating 
reference. Helifix Limited v. Blok-Lok, Ltd, 208 F.3d 1339, 1346, 54 U.S.P.Q.2d 1299, 1303 
(Fed. Cir. 2000); Lindemann Maschinenfabrik v. American Hoist & Derrick Co., 730 F.2d 1452, 
1458, 221 U.S.P.Q. 481, 485 (Fed. Cir. 1984). 

2. Hughes et al. does not anticipate claims 1, 3, 7-20, and 22 

The Final Office Action ("the Action") dated June 19, 2001 rejects claims 1, 3, 7, 12-13, 
and 17-18 under 35 U.S.C. § 102(b) as being anticipated by Hughes et a/., PNAS, 93:2065-70, 
1996 ("Hughes et a/"). Specifically, the Action contends that Hughes et al clearly measures the 
interaction of Ap peptides (p-amyloid peptides) that aggregate, as evidenced in Figure 1 of this 
reference. The Action reasons that the Appellant has not defined "aggregates" to exclude the 
interaction of AP monomers and that the direct interaction of these monomers constitutes an 
"aggregation" as depicted in Figure 1 . The Action states that the conditions in Hughes et al. 
appear to be sufficient for aggregation and that the Ap TT mutant in this reference is an 
identified substance which inhibits aggregation. From this, the Action concludes that Hughes et 
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ai anticipates the claimed invention. Also, the Action rejects claims 8-11, 14-16, 19, 20, and 22 
solely on the basis that they depend from one of the rejected base claims above. 

Appellant respectfully traverses this rejection. Hughes et ai does not anticipate claims 1, 
3, 7-20, and 22 of Appellant's presently claimed invention. 

As stated above, anticipation requires that each and every element of the claimed 
invention be described, either expressly or inherently, in a single prior art reference. Telemac 
Cellular Corp. v. Topp Telecom, Inc., 247 F.3d 1316, 1327, 58 U.S.P.Q.2d 1545, 1552 (Fed. Cir. 
2001). 

Appellant claims as the present invention "A method of identifying a candidate substance 
that inhibits the aggregation of a mammalian aggregate-prone amyloid protein, comprising: (a) 
contacting a yeast cell that expresses a chimeric aggregate-prone amyloid protein comprising a 
mammalian aggregate-prone amyloid peptide with said candidate substance under conditions 
effective to allow aggregated amyloid formation; and (b) determining the ability of said 
candidate substance to inhibit the aggregation of the aggregate-prone amyloid protein. Claim 1 . 

The Hughes et ai reference (Exhibit 1) makes it clear that the authors are not 

investigating aggregation, but rather the interaction of monomers. In the opening paragraphs of 

the article, the rationale for the studies in the article are described and stated as: 

Kinetic studies on AB aggregation have demonstrated that amyloid formation is a 
nucleation-dependent phenomenon, and that lag time precedes aggregation, the 
length of which may depend on protein concentration. The nucleation even may 
therefore be the rate-determining step of in vivo amyloidosis... Interaction between 
two monomers, a thermadynamically unfavorable intermolecular interaction, may 
be a critical step in nucleation. 

Hughes et al, page 2065, column 2 (citations omitted). It is evident that monomer formation is 
hypothesized as part of a nucleation event that precedes aggregation. Hughes et al. goes on to 
state that "[t]he slow and thermodynamically unfavorable interactions between individual 
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monomers may be the rate-limiting step in aggregation" (page 2070, column 1). A person 
skilled in the art could only understand this to mean that the interaction of two monomers is 
necessary prior to the aggregation of multiple monomers. As evidenced by Hughes et al, a 
person skilled in the art would not interpret the term "aggregation" to include the interaction 
between two individual monomers. Furthermore, Appellant's specification does not define the 
term "aggregation" to include the interaction between two individual monomers. As stated 
above, an anticipation analysis requires identifying the elements in the claims, determining their 
meaning in light of the specification and prosecution history, and identifying the corresponding 
elements disclosed in the anticipating reference. Helifix Limited v. Blok-Lok, Ltd., 208 F.3d 
1339, 1346, 54 U.S.P.Q.2d 1299, 1303 (Fed. Cir. 2000). Since a person skilled in the art would 
not interpret the presently pending claims as encompassing monomer interactions when read in 
light of Appellant's specification, the Hughes et al. reference does not anticipate the present 
invention. 

Furthermore, the Examiner has assumed that an aggregate includes the interaction of two 
monomers. There is no reason why this assumption is valid. Because the Appellant's 
specification does not support this definition, the burden rests on the Examiner to provide 
evidence that the interaction of two monomers constitutes "aggregation." The Examiner has not 
met this burden. As stated directly above, the very reference the Examiner cites to support this 
proposition, Hughes et al., specifically distinguishes between the interaction of two monomers 
and AB aggregation (page 2065, column 2). Furthermore, in contending that the interaction of 
AB monomers in Hughes et al. constitutes "aggregation," the Examiner refers to Figure L 
Appellant respectfully points out that the authors of Hughes et al admit that Figure 1 is merely a 
"schematic representation." Hughes et al, at 2066, legend to Figure 1. Furthermore, the 
occurrence of all the events in this figure are not supported by any experimental data and does 
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not constitute evidence that the reference meets the "under conditions effective to allow 
aggregated amyloid formation." Thus, the Examiner has not met her burden for rejecting the 
claim as being anticipated by the Hughes et al. reference. 

Also, another reference cited by the Examiner, Findeis et aL y (Exhibit 2) also uses the 
term "aggregation" to describe the interaction of multiple peptides and not between just two 
peptides. For example, Findeis et al. states that "[t]he term 'aggregation of B amyloid peptides' 
refers to a process whereby the peptides associate with each other to form a multimeric, largely 
insoluble complex." Column 8, lines 11-16. These citations provide evidence that a person 
skilled in the art is well aware that the formation of a multimeric complex includes more than 
just the interaction between two peptides. Thus, there is no reason why a person of skill in the 
art would understand that the interaction of two monomers constitutes "aggregation." Since a 
person skilled in the art does not understand the term "aggregation" to describe the interaction of 
two monomers and since the Appellant has not defined "aggregation" to include such a 
description, Hughes et al., which is said to discuss monomer interactions, does not anticipate the 
presently claimed invention. 

Also, Hughes et aL describes a typical use of the yeast two-hybrid system. In fact, Figure 
1 of this reference precisely shows that the system can evaluate the ability of only monomers to 
associate. The steps of Appellant's claimed invention specifically evaluate "aggregated amyloid 
formation." In fact, the assay in Appellant's claimed (Claim 1) invention is set up "under 
conditions effective to allow aggregated amyloid formation." In contrast, the two-hybrid system 
in Hughes et al. relies on the ability of two molecules to interact in the nucleus to promote 
transcription of a reporter gene, which is subsequently assayed. The Hughes et aL reference 
states, "The yeast system described in this paper offers an opportunity to study the interaction of 
monomeric AB peptides.... This system may therefore provide an opportunity to freeze-frame the 
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monomer-monomer interaction." Hughes et al p. 2070, column 1. Figure 1 in Hughes et al 
also confirms this by stating: "The system therefore provides an opportunity to examine 
interaction between two monomeric AB molecules, an essential first step in the nucleation event 
leading to fibril formation." Hughes et al page 2066. Appellant's specification states that 
"amyloid or amyloid like deposits are generally insoluble fibrillary material " Specification at 
page 5, lines 18-19. This indicates not only that the method of Hughes et al is not performed 
under conditions to promote "aggregated amyloid formation," which is a limitation recited by the 
claims, but also that it would not be performed under such conditions because such aggregation 
of the monomers would prevent transcription — the very event being assayed — from occurring at 
all. 

Furthermore, nowhere in Hughes et al is there a suggestion that the assay be performed 
under conditions to promote aggregated amyloid formation, which is not surprising given that the 
assay was not intended to evaluate amyloid formation. The limitation that steps of the assay be 
performed "under conditions effective to allow aggregated amyloid formation " is conspicuously 
absent from Hughes et ai The yeast two-hybrid system is a widely used, well understood assay 
that relies on the ability of two polypeptides to bind DNA in a specific (as opposed to non- 
specific) manner and to associate in a stereo-specific way with proteins that form part of the host 
cell's transcriptional machinery. This assay is critically dependent on the ability of the 
polypeptides involved in the assay to reach the nucleus so they can specifically interact with one 
another to transcribe the reporter gene being assayed. See Phizicky and Fields, Microbiol Rev, 
59:94-123, 106 (1995) ("The two-hybrid system is limited to proteins that can be localized to the 
nucleus, which may prevents its use with certain extracellular proteins.") (Exhibit 3). In the 
assays of the present invention, aggregation prevents the polypeptides from reaching the nucleus. 
In the context of the Hughes et al reference, aggregation of a mammalian aggregate-prone 
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amyloid proteins causes them to be insoluble such that the A monomers in the two-hybrid system 
would be unable to associate in the nucleus, and they would be unavailable to promote 
transcription. Therefore, the yeast-two hybrid system is simply inoperable for the intended 
purpose of the assay if practiced according to the limitations of the claimed invention. Thus, 
Hughes et al. does not suggest that the assay be performed under conditions to promote 
aggregated amyloid formation. 

Since the Hughes et al. reference does not teach or suggest all of the claim limitations in 
Appellant's claimed invention, it does not anticipate the presently claimed invention. 

Accordingly, Appellant respectfully requests that the rejection of claims 1, 3, 7-20, and 
22 under 35 U.S.C. § 102(b) as being anticipated by Hughes et al be withdrawn. 

3. Claims 8-11, 14-16, 19, 20, and 22 do not stand or fall with the 
rejected claims 1, 3, 7, 12-13, and 17-18 as being anticipated by 
Hughes et aL 1 

The Action rejects claims 1, 3, 7, 12-13, and 17-18 under 35 U.S.C. § 102(b) as being 
anticipated by Hughes et al. The Action then proceeds to reject claims 8-11, 14-16, 19, 20, and 
22 on the grounds that these claims depend from the rejected base claims. 

Appellant takes the position that claims 8-11, 14-16, 19, 20, and 22 are separately 
patentable from rejected base claims 1, 3, 7, 12-13, and 17-18. 

Appellant respectfully points out that it is improper to reject claims on the sole basis that 
they depend from a rejected base claim. In fact, the Manual of Patent Examining Procedure 
states that "[i]f the base claim is rejected, the dependent claim should be objected to rather than 
rejected, if it is otherwise allowable." Manual of Patent Examining Procedure § 608.01(n)(v). 
Furthermore, since the Hughes et al. reference does not teach or suggest the limitations claimed 
in claims 8-11, 14-16, 19, 20, and 22 as discussed in the following paragraphs, these claims are 
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otherwise allowable. Therefore, it is improper to reject 8-11, 14-16, 19, 20, and 22 on the sole 
basis that they depend from rejected base claims. 

As mentioned above, the Hughes et al. reference does not teach or suggest every element 
of claims 8-11, 14-16, 19, 20, and 22 either expressly or inherently. Specifically, claim 8 
discloses a chimeric protein comprising at least an aggregate forming domain of a mammalian 
aggregate-prone amyloid protein operably attached to a detectable marker protein, wherein the 
marker protein is green fluorescent protein or luciferase. Claim 9 discloses that the marker 
protein is a drug-resistance marker protein. Claim 10 states that the marker protein is a hormone 
receptor and claim 1 1 further states that the hormone receptor is a glucocorticoid receptor. 
Hughes et al does not teach or suggest any of the above mentioned elements claimed in the 
present invention. In fact, the Action implicitly concedes this by stating that the only basis for 
rejection of claims 8-11 is that they depend from a rejected claim. 

Also, claim 14 claims "The method of claim 1, wherein the chimeric protein comprises 
Sup35 in which the N-terminal domain has been replaced by amino acids 1-42 of P-amyloid 
protein." Claim 15 states "The method of claim 1, wherein any aggregation of the mammalian 
aggregate-prone amyloid protein is detected by the ability of the aggregated protein to bind 
Congo Red." Claim 16 further states "The method of claim 1, wherein any aggregation of the 
mammalian aggregate-prone amyloid protein is detected by increased protease resistance of the 
aggregated protein." Hughes et al does not teach or suggest any of the above mentioned 
elements claimed in claims 14-16. In fact, the Action concedes this by stating that the only basis 
for rejection of claims 14-16 is that they depend from a rejected claim. 

Claim 19 claims the method of claim 1, wherein the aggregate-prone amyloid protein is 
labeled, wherein the label is a radioactive isotope, a flourophore, or a chromophore, wherein the 
label is 35 S. Claim 20 states "The method of claim 18, wherein the flourophore comprises a 
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green flourescent protein polypeptide." Claim 22 claims 'The method of claim 1, wherein said 
yeast cell over expresses Hspl04 " Again, Hughes et aL does not teach or suggest any of the 
above mentioned elements claimed in claims 19, 20, or 22. In fact, the Action concedes this by 
stating that the only basis for rejection of claims 19, 20, and 22 is that they depend from rejected 
claims. 

Since it was improper to reject claims 8-11, 14-16, 19, 20, and 22 on the sole basis that 
these claims depend from rejected base claims 1, 3, 7, 12-13, and 17-18 and since claims 8-11, 
14-16, 19, 20, and 22 are separately patentable from the rejected base claims, claims 8-1 1, 14-16, 

19, 20, and 22 do not stand or fall with rejected claims 1, 3, 7, 12-13, and 17-18. Furthermore, as 
discussed above, the Hughes et aL reference does not teach or suggest every element of claims 8- 
1 1, 14-16, 19, 20, and 22 either expressly or inherently. 

Accordingly, Appellant respectfully requests that the rejection of claims 8-11, 14-16, 19, 

20, and 22 be withdrawn. 

4. Cordell et aL does not anticipate claims 1, 3, 15, 17-19, and 37 

The Action rejects claims 1, 3, 15, 17-19, and 37 under 35 U.S.C. § 102(b) as being 
anticipated by Cordell et aL, WO 91/04339. The Action further rejects claims 4, 7-14, 16, 20, 22 
and 37 solely on the basis that they depend from a rejected base claim. The Action contends that 
Appellant's definition of "chimeric" appears to be that of non-naturally occurring. The Action 
further contends that Cordell et aL teaches substitution of one or more amino acids in the 
resulting amyloid peptides thus constituting non-naturally occurring peptides which are chimeric 
peptides as the sequences differ from the naturally occurring sequence. 

Appellant respectfully traverses this rejection. Cordell et aL does not anticipate claims 1, 
3, 7-20, 22, and 37 of Appellant's presently claimed invention. 
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As stated above, anticipation requires that each and every element of the claimed 
invention be described, either expressly or inherently, in a single prior art reference. Cordell et 
ai (Exhibit 4) discloses a single amyloid polypeptide with substitutions of one or more amino 
acids. Cordell et ai does not teach a "chimeric aggregate prone amyloid protein" anywhere in 
the disclosure which is a required element of claim 1 in the present invention. Furthermore, 
there is no suggestion to employ the use of a chimeric protein in Cordell et ai The Action's 
contention that the substitution of one or more amino acids in a single amyloid peptide 
constitutes a chimeric protein is incorrect. It is well known to people skilled in the art that a 
chimeric protein is the fusion of two separate proteins into one whole protein. In fact, 
Appellant's specification defines "chimeric protein" to mean "the protein comprises polypeptides 
that do not naturally occur together in a single protein unit." Specification at page 5, lines 26-27. 
Appellant's specification uses the term polypeptides in the plural form. This shows an explicit 
intent to define a "chimeric protein" as including at least two separate polypeptides that do not 
naturally occur together. In stark contrast, the Action contends that a single polypeptide with a 
substituted amino acid is considered a "chimeric protein." When Appellant's claims are read in 
light of the specification, a "chimeric protein" comprises of at least two separate polypeptides 
that do not naturally occur together. Since Cordell et ai does not teach or suggest a "chimeric 
aggregate-prone amyloid protein" as defined by the specification, it does not teach every element 
of the presently claimed invention. Therefore, Cordell et ai does not anticipate claims 1, 3, 7- 
20, 22, and 37. 

Accordingly, Appellant respectfully requests that the rejection of claims 1, 3, 7-20, 22, 
and 37 under 35 U.S.C. § 102(b) as being anticipated by Cordell et ai be withdrawn. 
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5. Claims 7-14, 16, 20, 22 and 37 do not stand or fall with the rejected 
claims 1, 3, 15, 17-19, and 37 as being anticipated by Cordell et ai 

The Action rejects claims 1, 3, 15, 17-19, and 37 under 35 U.S.C. § 102(b) as being 
anticipated by Cordell et al. The Action then proceeds to reject claims 7-14, 16, 20, 22, and 37 
on the grounds that these claims depend from the rejected base claims. 

Furthermore, it is unclear from the Action whether the Examiner rejects claim 37 as 
being anticipated by Cordell et ah or as depending from the rejected base claims. In any event, 
Appellant contends that claim 37 along with claims 7-14, 16, 20, and 22 are separately patentable 
from rejected base claims 1, 3, 15, and 17-19. 

As stated above, it is improper to reject claims on the sole basis that they depend from a 
rejected base claim. Manual of Patent Examining Procedure § 608.01 (n)(v). Furthermore, since 
the Cordell et al, reference does not teach or suggest the limitations claimed in claims 7-14, 16, 
20, 22, and 37 as discussed in the following paragraphs, these claims are otherwise allowable. 
Therefore, it is improper to reject 7-14, 16, 20, 22, and 37 on the sole basis that they depend from 
rejected base claims. 

As mentioned above, the Cordell et al. reference does not teach or suggest every element 
of claims 7-14, 16, 20, 22, and 37 either expressly or inherently. Specifically, claim 7 states 
"The method of claim 1, wherein the chimeric protein comprises at least an aggregate forming 
domain of a mammalian aggregate-prone amyloid protein operably attached to a detectable 
marker protein." Claims 8-11 all depend from claim 7. Thus, the limitation in claim 7 extends 
to claims 8-11. Cordell et al discloses a single amyloid polypeptide with substitutions of one or 
more amino acids. Cordell et ah does not teach or suggest "...a mammalian aggregate-prone 
amyloid protein operably attached to a detectable marker protein." In fact, the Action concedes 
this by stating that the sole basis for rejecting claims 7-11 is that they depend from a rejected 
base claim. 
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Claim 12 states "The method of claim 1, wherein the chimeric protein comprises at least 
an aggregate forming domain of PrP or p-amyloid " Claim 13 depends from claim 12. Thus the 
limitation in claim 12 extends to claim 13. Cordell et al. does not teach or suggest "...an 
aggregate forming domain of PrP or 3-amyloid." In fact, the Action concedes this by stating that 
the sole reason for rejecting claims 12-13 is that they depend from a rejected base claim. 

Claim 16 states "The method of claim 1, wherein any aggregation of the mammalian 
aggregate-prone amyloid protein is detected by increased protease resistance of the aggregated 
protein." Claim 20 states "The method of claim 18, wherein the flourophore comprises a green 
fluorescent protein polypeptide" and claim 22 claims "The method of claim 1, wherein said yeast 
cell over expresses Hsp 104." Finally, claim 37 claims "The method of claim 1, wherein 
aggregated amyloid formation is evidenced by the formation of fibrillary material." Cordell et 
al. does not teach or suggest any of the limitations claimed in claims 16, 20, 22, or 37. In fact, 
the Action concedes this by stating that the sole basis for rejecting these claims is that they 
depend from rejected base claims. 

Since it was improper to reject claims 7-14, 16, 20, 22, and 37 on the sole basis that these 
claims depend from rejected base claims 1, 3, 15, and 17-19 and since claims 7-14, 16, 20, 22, 
and 37 are separately patentable from the rejected base claims, claims 7-14, 16, 20, 22, and 37 do 
not stand or fall with rejected claims 1, 3, 15, and 17-19. Furthermore, as discussed above, the 
Cordell et ai reference does not teach or suggest every element of claims 7-14, 16, 20, 22, and 
37 either expressly or inherently. 

Accordingly, Appellant respectfully requests that the rejection of claims 7-14, 16, 20, 22, 
and 37 be withdrawn. 
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6. Findeis et al. does not anticipate claims 1, 3, 7, 12-13, 17-18 and 37 

The Action rejects claims 1, 3, 7, 12-13, 17-18, and 37 under 35 U.S.C. § 102(e) as being 
anticipated by U.S. Patent No. 5,854,204 to Findeis et al The Action contends that Findeis et al 
teaches A-beta peptides including chimeric peptides, which differ from naturally occurring beta 
amyloid sequences and screening assays to identify modulatory influences on amyloid 
aggregation. 

Appellant respectfully traverses this rejection. Findeis et al does not anticipate claims 1, 
3, 7, 12-13, 17-18, and 37. 

Appellant claims "A method of identifying a candidate substance that inhibits the 
aggregation of a mammalian aggregate-prone amyloid protein, comprising: (a) contacting a yeast 
cell that expresses a chimeric aggregate-prone amyloid protein comprising a mammalian 
aggregate-prone amyloid peptide with said candidate substance under conditions effective to 
allow aggregated amyloid formation; and (b) determining the ability of said candidate substance 
to inhibit the aggregation of the aggregate-prone amyloid protein " Claim 1 . 

In contrast, Findeis et al (Exhibit 2) never teaches or suggests performing the screening 
assay in yeast. This is evident in light of Example 5 in the Findeis et al reference (column 51, 
lines 25 to column 53, line 27). Example 5 in Findeis et al employs the use of a seeded static 
assay and a shaken plate aggregation assay to identify B-Amyloid modulators. Findeis et al 
discloses that these assays simply mix a candidate modulator with AB-monomers to determine 
the affects of the candidate modulator. In fact, these screening assays employed by the Findeis et 
al reference do not employ the use of yeast cells. In stark contrast, Appellant's screening assay 
comprises "contacting a yeast cell that expresses a chimeric aggregate-prone amyloid protein 
comprising a mammalian aggregate-prone amyloid peptide with said candidate substance under 
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conditions effective to allow aggregated amyloid formation." Thus, Findeis et al. does not teach 
or suggest every element claimed in Appellant's presently claimed invention. 

Furthermore, Findeis et al. fails to teach or suggest incubating yeast cells "under 
conditions effective to allow aggregated amyloid formation," an element expressly required in 
Appellant's claimed invention. As stated directly above, the screening assays used to identify (3- 
amyloid modulators do not employ the use of yeast cells. Thus, Findeis et al. fails to teach or 
suggest every element required in Appellant's claimed invention either expressly or inherently. 
Thus, Findeis et al. does not anticipate claims 1, 3, 7, 12-13, 17-18, and 37. 

Furthermore, Findeis et aL does not render claims 1, 3, 7, 12-13, 17-18, and 37 obvious. 
This is evident in light of the disclosure in Example 5 in Findeis et al Example 5 of Findeis et 
al. teaches away from using a yeast cell to perform screening assay for inhibitors of B-Amyloid 
aggregation. As discussed above, Example 5 in Findeis et al. employs the use of screening 
assays that simply mix a candidate modulator with AB-monomers to determine the effects of the 
candidate modulator. Also stated above, these assays employed by Findeis et al. do not employ 
the use of yeast cells. Since the assays employed by Findeis et al. teach away from employing 
the use of yeast cells, Findeis et al. does not render claims 1, 3, 7, 12-13, 17-18, and 37 obvious. 

Accordingly, Appellant respectfully requests that the rejection of claims 1, 3, 7, 12-13, 
17-18, and 37 under 35 U.S. C. § 102(e) as being anticipated by Findeis et al. be withdrawn. 

B. Rejections Under 35 U.S.C. § 112 Are Improper 

1. Claims 7-11 are enabled under 35 U.S.C, § 112, first paragraph 

The Action rejects claims 7-11 under 35 U.S.C. § 112, first paragraph, as not providing 
enablement for a mammalian aggregate-prone amyloid protein wherein the protein is a chimeric 
that comprises an aggregate forming domain. The Action cites Skolnick et al., Trends in 
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Biotech., 18(l):34-39, 2000 as recognizing that proteins are highly dependent upon sequence 
structure and that a single mutation of a protein can affect the biological activities of the 
molecule. The Action contends that the specification fails to teach the structural and functional 
characteristics of such sequences which direct aggregate formation. The Action further states 
that specification fails to teach the experimental methodology for such diverse sequences 
whereby one of skill in the art can readily determine those sequences which are required. The 
Action also contends that the specification defines no mammalian chimeras. It also alleges that it 
would take undue trials and errors to practice the claimed invention given the quantity of 
necessary experimentation, the lack of working examples, the unpredictability of the art, the lack 
of sufficient guidance and the breadth of the claims. 

Appellant respectfully traverses this rejection. Claims 7-11 are enabled by the present 
specification. 

The claims were previously amended to clarify that the claimed methods involve a "yeast 
cell that expresses a chimeric aggregate-prone amyloid protein comprising a mammalian 
aggregate-prone amyloid peptide." The amendment reflects that an "aggregate-prone amyloid 
protein" contains the amino acid sequence of a "mammalian aggregate-prone amyloid peptide," 
such as all or part of the amyloid protein. Specification at page 5, line 26-page 6, line 6. The 
term "mammalian" simply refers to the protein sequence source, which is a mammal. The 
protein could comprise amino acid sequences from two different mammalian sources, which 
would render it chimeric, according to the disclosure. Specification page 5, lines 28-29 ("By 
'chimeric protein' it is meant that the protein comprises polypeptides that do not naturally occur 
together in a single protein unit."). 

In contrast to the statements in the Action, the specification does disclose mammalian 
chimeras. The specification describes mammalian aggregate-prone amyloid proteins as 
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including PrP and (3-amyloid polypeptide. Specification page 5, lines 22-24. As mentioned 
above, it also defines a "chimeric protein' as "...the [chimeric] protein comprises polypeptides 
that do not naturally occur together in a single protein unit " Specification page 5, lines 28-29. 
Moreover, the specification also describes examples of chimeric proteins that comprise "at least 
an aggregate forming domain of a mammalian amyloid polypeptide, such as at least amino acids 
1-42 of the p-amyloid protein or at least the aggregate forming domain of PrP." Specification 
page 6, lines 2-4. The disclosure further mentions that the methods of the invention may employ 
a "protein comprising the aggregate forming domain of the etiological agent of a particular 
disease in the yeast system to identify therapeutic compounds for that disease," and it lists some 
amyloidogenic diseases in animals, such as Alzheimer's disease, scrapie, and spongiform 
encephalopathy. Specification page 7, lines 20-24. The specification states, "Therefore, in 
determining therapeutic compounds for Alzheimer's disease, one would use a yeast system 
comprising at least amino acids 1-42 of the (3-amyloid protein." Specification page 7, lines 24- 
26. It also similarly states that the aggregate-forming domain of PrP may be utilized in the 
methods of the invention. Moreover, a specific example of a chimeric protein comprising the |3- 
amyloid peptide (1-42) and the Sup35 C terminal domain is mentioned as being particularly 
useful in screening for the [PSI+] phenotype. Specification page 13, lines 22-25. Thus, the 
disclosure does define mammalian chimeras. 

As for the Action's contention that it would require undue trials and errors to practice the 
claimed invention, Appellant points to the state of the art at the time the application was filed 
coupled with the disclosure of the application. The reference of Hughes et aL, which is cited by 
the Action, involves fusion proteins. Fusion proteins are chimeric proteins, and the Hughes et aL 
paper describes a fusion protein that contains a portion of the amyloid peptide. It shows how 
fusion proteins are made and that they are functional. This paper unequivocally supports the 
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contention that one of skill in the art could make and use chimeric proteins comprising a 
mammalian aggregate-prone amyloid protein at the time the present patent application was filed, 
and that the invention can be practiced without undue experimentation. 

Furthermore, "The specification must teach those skilled in the art how to make and use 
the full scope of the claimed invention without 'undue experimentation/" Manual of Patent 
Examining Procedure § 2164.08 (citing /// re Wright, 999 F.2d 1557, 1561, 27 U.S.P.Q. 1510, 
1513 (Fed. Cir. 1993)). The methods of making such a chimera and employing it in the 
described methods stated in the specification would not constitute undue experimentation. For 
example, the specification teaches how to use peptide regions that would be comprised in a 
chimeric protein. Furthermore, the recombinant techniques for making chimeras and 
administering them to a yeast cell were well-known at the time the application was filed, as is 
evidenced by the Hughes et al paper. The Manual of Patent Examining Procedure states that 
"The specification need not disclose what is well-known to those skilled in the art and preferably 
omits that which is well-known to those skilled and already available in the public " Manual of 
Patent Examining Procedure § 2164.05(a) (citing inter alia, In re Buchner, 929 F.2d 660, 661, 
18 U.S.P.Q. 2d 1331, 1332 (Fed. Cir. 1991)). Thus, the Appellant need not disclose methods for 
constructing such a chimeric protein because the application discusses various combinations and 
furthermore, the recombinant technology was readily accessible to the skilled artisan at the time 
the application was filed. 

Also, Appellant respectfully notes that "it is incumbent upon the Patent Office ...to 
explain why it doubts the truth or accuracy of any statement in a supporting disclosure and to 
back up assertions of its own with acceptable evidence or reasoning which is inconsistent with 
the contested statement." Manual of Patent Examining Procedure § 2164.05 (quoting In re 
Marzocchi, 439 F.2d 220, 224, 169 U.S.P.Q. 367, 370 (CCPA 1971)). The specification 
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explicitly states that "yeast expressing a chimeric protein comprising the p-amyloid peptide (1- 
42) and the Sup35 C-terminal domain have a [PSI+] phenotype that leads to cell death." 
Specification page 13, lines 23-25. Appellant requests an explanation as to why the Examiner 
doubts this statement and to provide a reference that indicates the claimed invention would not 
work. The Action's citation of Skolnick et al (Exhibit 5) is irrelevant. The collaborators in 
Skolnick et al. generally discuss an approach to protein function prediction using a sequence-to- 
structure-function paradigm (page 34, column 2). In fact, this reference is a general discussion 
of protein function prediction in light of the numerous genes being discovered due to genome- 
sequencing projects. Thus, Hughes et al. has no specific applicability to the presently claimed 
invention. Even if it did, as discussed above, information in the present specification indicates 
how to make and use a "chimeric aggregate-prone amyloid protein comprising a mammalian 
aggregate-prone amyloid peptide." 

Thus, Appellant's specification does enable claims 7-11. Furthermore, the arguments 
provided by the Action do not support a prima facie case to the contrary. Accordingly, 
Appellant respectfully requests that the rejection of claims 7-11 under 35 U.S.C. § 112, first 
paragraph be withdrawn. 

2. Claims 7-11 are definite under 35 U.S.C § 112, second paragraph 

The Action rejects claims 7-11 under 35 U.S.C. § 112, second paragraph, as being 
indefinite for failing to particularly point out and distinctly claim the subject matter that the 
Appellant regards as the invention. Specifically, the Action contends that claims 7-11 are 
indefinite as the skilled artisan is not reasonably apprised of the metes and bounds of "an 
aggregate forming domain." The Action further states that the skilled artisan has no guidance by 
which to determine that portion of a chimeric protein which forms "an aggregate forming 
domain." 
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Appellant respectfully traverses this rejection. Claims 7-11 are definite and do 
particularly point out and distinctly claim the subject matter that the Appellant regards as the 
invention. 

The standard for definiteness of a claim is whether a person of skill in the art can 
determine the scope of the invention based on the language of the claims with "a reasonable 
degree of certainty." Mant4al of Patent Examining Procedure § 2173.02 (citing /// re Wiggins, 
488 F.2d 538, 179 U.S.P.Q. 421 (C.C.P.A. 1973)). 

Claim 7 recites "The method of claim 1, wherein the chimeric protein comprises at least 
an aggregate forming domain of a mammalian aggregate-prone amyloid protein operably 
attached to a detectable marker protein." A person of skill in the art could determine that an 
"aggregate forming domain" refers to the amino acids of an aggregate-prone amyloid protein that 
are involved in aggregation. In fact, Appellant's specification states that "In an important 
embodiment, the chimeric protein comprises Sup35 in which the N-terminal domain has been 
replaced by amino acids 1-42 of p-amyloid protein." This disclosure eliminates any 
indefiniteness of what constitutes an "aggregate forming domain." 

Furthermore, the fact that one skilled in the art may have to figure out what portions of an 
aggregate-prone amyloid protein constitute an aggregate forming domain does not render the 
claims 7-1 1 indefinite. As mentioned above, the Manual of Patent Examining Procedure simply 
requires that a person of skill in the art be able to determine the scope of the claim. In the 
present case, claims 7-11 employ a phrase that can be easily understood, "aggregate forming 
domain." Furthermore, the specification uses that phrase consistent with its use in the claims. 
Finally, the specification identifies ways of determining whether a protein aggregates. In fact, 
the specification states that "the aggregation may be detected by its ability to bind Congo Red 
and show apple green birefringence under polarized light." Specification at page 13, lines 2-3. 
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Thus, not only is the scope of the claims 7-1 1 are fully ascertainable to a person of ordinary skill 
in the art and a person of ordinary skill would be able to practice the present invention. Thus, 
claims 7-1 1 are not indefinite. 

Accordingly, Appellant respectfully requests that the rejection of claims 7-11 under 35 
U.S.C. § 1 12, second paragraph be withdrawn. 

C Objection of Claims 7-11 Is Improper 

The Action rejects claims 7-11 under 37 C.F.R. 1.75(c) as being of improper dependent 
form for failing to further limit the subject matter of a previous claim. The Action contends that 
the recitation "at least an aggregate forming domain" broadens the scope of claim 1, in particular 
to the mammalian aggregate-prone amyloid protein. 

Appellant respectfully traverses this objection. Claim 7 is written in proper dependent 
form and further limits the subject matter of claim 1. 

Claim 1 states "A method of identifying a candidate substance that inhibits the 
aggregation of a mammalian aggregate-prone amyloid protein, comprising: (a) contacting a yeast 
cell that expresses a chimeric aggregate-prone amyloid protein comprising a mammalian 
aggregate-prone amyloid peptide with said candidate substance under conditions effective to 
allow aggregated amyloid formation; and (b) determining the ability of said candidate substance 
to inhibit the aggregation of the aggregate-prone amyloid protein." Claim 1. Claim 7 further 
limits claim 1 by stating "The method of claim 1, wherein the chimeric protein comprises at least 
an aggregate forming domain of a mammalian aggregate-prone amyloid protein operably 
attached to a detectable marker protein." Claim 7. Claim 8 further requires that the "marker 
protein is green flourescent protein or luciferase. Claim 9 further requires that the "marker 
protein is a drug-resistance marker protein. Claim 10 further requires that the "marker protein is 
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a hormone receptor. Claim 1 1 further requires that the "hormone receptor is a glucorticoid 
receptor." 

It is evident from the claim language that claim 7 further limits claim 1 in two respects. 
First, claim 7 further requires "an aggregate forming domain of a mammalian aggregate-prone 
amyloid protein." Second, claim 7 also requires that the chimeric protein is "operably attached 
to a detectable marker protein." Both of these limitations are not present in claim 1. It is also 
evident that claims 8-10 further limits claim 7 and that claim 1 1 further limits claim 10. Thus, 
since claim 7 further limits claim 1, the objection of claim 7 and its dependent claim 8-11 is 
improper. 

Accordingly, Appellant respectfully requests that the objection of claims 7-11 under 37 
C.F.R. 1.75(c) be withdrawn. 

IX. CONCLUSION 

Appellant has provided arguments that overcome the pending rejections. Appellant 
respectfully submits that the Office Action's conclusions that the claims should be rejected are 
unwarranted. It is therefore requested that the Board overturn the Action's rejections. 

Please date stamp and return the enclosed postcard to evidence receipt of this document. 

Respectfully Submitted, 



FULBRIGHT & JAWORSKI, L.L.P. 
600 Congress Ave, Suite 2400 
Austin, Texas 78701 
512.536.3055 (voice) 
512.536.4598 (fax) 

Date: January 24, 2002 



fiina N. Shishima 
Reg. No. 45,104 

ATTORNEY FOR APPLICANT 




24 



25107942.1 



APPENDIX A 
Pending Claims on Appeal 

I. A method of identifying a candidate substance that inhibits the aggregation of a 
mammalian aggregate-prone amyloid protein, comprising: 

(a) contacting a yeast cell that expresses a chimeric aggregate-prone amyloid protein 
comprising a mammalian aggregate-prone amyloid peptide with said candidate 
substance under conditions effective to allow aggregated amyloid formation; and 

(b) determining the ability of said candidate substance to inhibit the aggregation of 
the aggregate-prone amyloid protein. 

3. The method of claim 1, wherein the mammalian aggregate-prone amyloid protein 
comprises a PrP or p-amyloid polypeptide. 

7. The method of claim 1, wherein the chimeric protein comprises at least an aggregate 
forming domain of a mammalian aggregate-prone amyloid protein operably attached to a 
detectable marker protein. 

8. The method of claim 7, wherein said marker protein is green fluorescent protein or 
luciferase. 

9. The method of claim 7, wherein said marker protein is a drug-resistance marker protein. 

10. The method of claim 7, wherein said marker protein is a hormone receptor. 

II. The method of claim 10, wherein said hormone receptor is a glucocorticoid receptor. 

12. The method of claim 1, wherein the chimeric protein comprises at least an aggregate 
forming domain of PrP or P-amyloid. 
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13. The method of claim 12, wherein the chimeric protein comprises as least about amino 
acids 1-42 of (3-amyloid protein. 

14. The method of claim 1, wherein the chimeric protein comprises Sup35 in which the N- 
terminal domain has been replaced by amino acids 1-42 of (3-amyloid protein. 

15. The method of claim 1, wherein any aggregation of the mammalian aggregate-prone 
amyloid protein is detected by the ability of the aggregated protein to bind Congo Red. 

16. The method of claim 1, wherein any aggregation of the mammalian aggregate-prone 
amyloid protein is detected by increased protease resistance of the aggregated protein. 

17. The method of claim 1, wherein the aggregate-prone amyloid protein is labeled. 

18. The method of claim 17, wherein the label is a radioactive isotope, a fluorophore, or a 
chromophore. 

19. The method of claim 18, wherein the label is 35 S. 

20. The method of claim 18, wherein the fluorophore comprises a green fluorescent protein 
polypeptide. 

22. The method of claim 1, wherein said yeast cell overexpresses Hspl04. 

37. The method of claim 1, wherein aggregated amyloid formation is evidenced by the 
formation of fibrillary material. 
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Two-hybrid system as a model to study the interaction of 
j3-amyloid peptide monomers 

Stephen R. Hughes, Shefau Goyau Jeannie E. Sun, Patricia Gonzalez-DeWhitt, MaryAnn Fortes, 
NorbertG. Riedel, andSudiiir R. Sahasrabudhe* 
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Communicated by Paul Greenyard. Vie Rockefeller University. York, NY. Noirmber 13. 1995 (received for rr\ic*> July 14. 1995) 

Therefore, physiological factors that can induce Ap aggrega- 
tion may be more important in the development of AD 
pathology than the concentration of Ap per se. 

Extracellular and cerebrovascular amyloid deposits are com- 
posed of Ap variants which differ at their carboxyl termini (1, 
2, 19, 20). Neuritic plaques have been found to contain high 
levels of A0-(!-42) (K 21). Kinetic studies on A0 aggre- 
gation have demonstrated that amyloid formation is a nuclc- 
ation-dependent phenomenon (22), and that a lag time pre- 
cedes aggregation, the length of which may depend on protein 
concentration. The nucleation event may therefore be the 
rate-determining step of in vivo amyloidosis. 

Nuclcation-dcpcndcnt polymerization is observed in protein 
crystallization, microtubule assembly, flagcllum assembly, 
phage capsid assembly, actin polymerization (23), and a small 
subset of human proteins that characterize amyloid diseases 
(24-26). Interaction between two monomers, a thermodynam- 
ic ally unfavorable intcrmolccular interaction, may be a critical 
step in nucleation. The experimental yeast system presented 
herein provides an opportunity to study the interaction of A/3 
monomers in vivo. 

EXPERIMENTAL PROCEDURES 

Bacterial and Yeast Strains. Manipulations of bacterial 
strains and of DNAs were by standard methods (27, 28) unless 
otherwise noted. Escherichia coti maximum-efficiency DH5ar 
competent cells (GIBCO/BRL) were used as hosts through- 
OMi. Yeast strain EGY48 was obtained from the laboratory of 
Roger Brent (Massachusetts General Hospital, Boston). 

Construction or Bait and Prey Ptasmids. To construct the 
bait plasmid ( LcxA-Ag fusio n), primers to the cDNA for the 
APP-770 isoform cloned into the //mdlH amf^Ka 1 sites of 
pRcCM V were used. For amplification, the primers used were 
5 '-A AGGCCTGG ATCCTGG ATGCAGA ATTCCG ACAT- 
GAC-3' at the 5' end and 5'-A AGGCCTCTCGAGGTCGAC- 
CTACGCTATCAGCAACCACCGCACC-3' at the 3' end. 
This primer set amplified a 163-bp fragment that was digested 
with Bam\U and Xtio I to obtain a 143-bp BamW\-XI\o I 
fragment, which was then ligated into pEG202 (29) at those 
sites. This places the open reading frame for Ap into transla- 
tion^ phase with the LexA sequence of pEG202. The down- 
stream primer was constructed to contain a synthetic stop 
codon after Ala-42 o; A0. The bait fusion protein is produced 
constitutivcly from pEG202; a 2-jim HIS3+ plasmid under the 
control of the A DM I promoter and encoding the LexA car- 
boxyl-tcrminal oligomerization region, which ron tributes to 
operator occupancy by LexA derivatives (29). 

The prey plasmid ( B42-AP fusion ), was constructed by 
digesting the 163-bp PCR-ampIIficd fragrant designed for bait 



ABSTRACT The kinetics of amyloid fibril formation by 
p-amyloid peptide (Ap) are typical of a nucleation-dependent 
polymerization mechanism. This type of mechanism suggests 
that the study of the interaction of Ap with itself can provide 
some valuable insights into Alzheimer disease amyloidosis. 
Interaction of Ap with itself was explored with the yeast 
two-hybrid system. Fusion proteins were created by linking 
the A0 fragment to a LexA DNA-binding domain (bait) and 
also to a B42 transactivation domain (prey). Protein-protein 
interactions were measured by expression of these fusion 
proteins in Saccharomyces cerevisiae narboring lacZ (p- 
galactosidase) and LEV2 (leucine utilization) genes un^er the 
control of LexA-dependent operators. This approach suggests 
that the Ap molecule is capable of interacting with itself in vivo 
in the yeast cell nucleus. LexA protein fused to the Prosophila 
protein bicoid (LexA-bicoid) failed to interact with the B42 
fragment fused to Ap, indicating that the observed AP~Ap 
interaction was specific. Specificity was further shown by the 
finding that no significant interaction was observed in yeast 
expressing LexA-Ap bait when the B42 transactivation do- 
main was fused to an AP fragment with Phe-Phe at residues 
19 and 20 replaced by Thr-Thr (ApTT), a finding that is 
consistent with in vitro observations made by others. More- 
over, when a peptide fragment bearing this substitution was 
mixed with native Ap-(l-40>, it inhibited formation of fibrils 
in vitro as examined by electron microscopy. The findings 
presented in this paper suggest that the two-hybrid system can 
be used to study the interaction of Ap monomers and to define 
the peptide sequences that may be important in nucleation- 
dependent aggregation. 

An aggregated form of p-amyloid peptide (Ap), a 39- to 42-aa 
peptide, is the principal component of amyloid in the core of 
plaques, which arc characteristic of the Alzheimer disease 
(AD) brain (I. 2). Ap is posltranslalionally derived from a 
much larger amyloid precursor protein (APP) encoded by a 
gene on chromosome 21 in band q2l (3 -6). The strongest 
evidence for involvement of APP in AD comes from familial 
mutations discovered close to or within the Ap domain (7-12). 
At least one of these ;nulattons (codons 670 and 671 of 
APP-770) has been shown to increase secreted Apm vitro (13. 
14). It is therefore likely that dysfunction in APP or Ap 
metabolism may play a role in AD. 

Since Ap was detected in senile plaques, it was assumed that 
this peptide was a result of abnormal cleavage of A PP. It is now 
accepted that Ap is secreted by cells in culture and is found as 
a soluble peptide in the cerebrospinal fluid (CSF) of AD 
patients and in comparable concentrations in age-matched 
control patients (15-17). Soluble Ap has also been detected in 
the plasma of healthy individuals (15). The measurement of 
soluble Ap in CSF of patients free of neurodegenerative 
disease indicated an increase in peptide levels with age (18). 
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(see above) with £coRI andXho I. This EcoR\-Xho H«E mcnt 
was placed in pJG4-5. a 2-ujn TRP1 plasmid (30, 31), in 
translational frame with the codons for the simian virus 40 
large T nuclear localization sipnal, the B42 transacirvation 
domain, and the hemagglutinin (HA) epitope tag. The prey 
fusion protein (16 kDa) will be inducible in yeast grown on 
minimal medium (MM) containing 2% galactose and 1% 
raffinose (Gal/Raf) but not in yeast grown on 2% g^cose 
(Glc). Amino acids 3 and 4 (glutamate, phenylalanine) of AJ* 
(at the point where f is fused to the HA tag) arc generated by 
codons in the EcoRl site. . 

To construct the mutant prey plasmid that contained the 
ApTT-encoding sequence, a fragment was constructed from a 
147-bp oligonucleotide representing the mutation of Phe - 
Phe 20 to Thr^Thr 20 within A0 synthesized on a Milhpore 
model 8909 Expedite nucleic acid synthesis system as follows. 
The oligonucleotide 5'-AGGCCTGAATTCCGACATGAC- 
TC AG G AT ATG A AGTTC ATC ATC A A A A ATTGGT- 
GACTACTGCAGAAGATGTGGGTTCAAACAAA- 
GGTGCA ATCATTGGACTCATGGTGGGCGGT- 
GTTGTCATAGCGTAGGTCGACCTCGAGAGGCCT-3 
was annealed with a complementary short oligonucleotide, 
5 '-AGGCCTCTCG AGGTCG ACC-3 ' , and filled in by Klc- 
now DNA polymerase (BRL). The fragment was extracted 
with phenol/chloroform and purified with the qiaquick-spm 
PCR purification kit (Oiagen). The sample was then digged 
with EcoKl and Xho I and placed into a ligation reaction 
mixture in a 7:1 ratio with EcoKX/Xho 1-digested pJG4-5 prey 
plasmid. The plasmids were propagated and grown in DH5a 
subcloning-efficiency competent ceils from BRL. 

The accuracy of the reading frames in the bait and prey 
plasmids was verified with an automated Applied Biosystems 
sequencer employing 373 software. Sequences were confirmed 
to be correct by the analysis features of SEQUENCE editor and 
MACVECTOR software (data not presented). 

Western blot analyses were performed (32) to show that the 
bait and prey plasmids expressed the expected fusion proteins 
(data not presented). 

Transformation of Strain with Reporter, Bait, and Prey 
Plasmids. The selection strain was made by transforming the 
EGY48 yeast strain with a VRA3 lacZ (0-galactosidasc) 
reporter plasmid and the HIS3 bait plasmid by the lithium 
acetate method (27). The yeast selection strain harboring the 
bait and reporter plasmids was transformed with the prey 
plasmid DNA (27), and tryptophan utilization phenotype was 
used (in addition to Ura and His markers for bait and lacZ 
reporter plasmids, respectively) for selection of transformants 
with prey plasmids. 

Determination of Bait-Prey Interaction. Yeast strains con- 
taining the appropriate bait and prey plasmids were grown to 
an ODcno of 0.5, diluted tOOO-fold, and spotted on plates 
containing Glc Ura" His" Trp- 5.bromo^<hloro-3-indolyl 
fi-r>galactopyranosidc (X-Gal) medium or Gal/Raf Ura 
His* Trp" X-Gal medium to assess the transcriptional acti- 
vation of the hcZ reporter gene. Suitably diluted cell suspen- 
sions were also spotted on Gal/Raf U.a~ His" Trp Leu 
medium and Glc Ura" His* Trp" Leu' medium to assess the 
transcriptional activation of the LEU2 gene. 

0-Galactosldase Activity in liquid Cultures of Yeast. Cells 
were assayed for 0-galactosidasc activity by the ©nitrophcnyl 
0-r>galactopyranosidc (ONPG) method (27). The experiment 
was repeated in triplicate and the plotted dan represent an 
average value of the values for the three samples. The statis- 
tical significance was computed with Student's t test in a 
two-tailed analysis. 

Immunoprectpitatinn and Western Blot. Extracts were 
made from EGY48 cells that contained a prey plasmid en- 
coding B42-A0 and a bait plasmid encoding LexA-Ap. Cells 
ucrc grown in 100 ml of Glc or Gal/Raf medium (in which 
B42-A0 expression was induced) to an OD^n of 0.6-0.8, 
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pelleted by centrifugalion, resuspended in 500 ul of R I PA 
buffer (75), lysed by beating with glass beads five times for 2 
min each, and spun twice for 5 min in a microcentrifuge (10,000 
x g) at 4°C to remove the beads and cell debris. Five 
microliters of the supernatant was taken as a control, and 15 
pA of rabbit anti-LexA antiserum [kindly donated by Roger 
Brent (33)] was added to the remainder, which was incubated 
at 4°C for 4 hr on a rotating platform. LexA-containing 
proteins were precipitated from this remainder with 50 u.1 of 
protein A-Sepharose CL-4B (Sigma). The entire pellet was 
dissolved in Laemmli sample buffer, subjected to sodium 
dodecyl sulfate/potyacrylamide gel electrophoresis (SDS/ 
PAGE; Integrated Separation System, Hyde Park, MA), and 
blotted onto nitrocellulose. Tagged A0 fusion -proteins were 
identified by Western analysis of the blotted proteins with the 
12CA5 monoclonal anti-HA antibody (34). Cell extracts and 
immunoprecipitates were also subjected to immunoblotting 
with monoclonal anti-A0 antibodies 4G8 and 6E10. Western 
blot analysis was performed with ECL chemiluminescence 
reagents using the protocol supplied by the vendor (Amer- 
sham). 

Electron Microscopy, Dilutions of A0 for incubation with 
the octapeptide OKLVTTAE were performed as in ref. 41 
(ratio of A0 to octapeptide was 1:10). The photomicrographs 
were obtained with a JEOL JEM-100S electron microscope at 
80 kV (X 155,000 magnification). 
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Ftr, 1. Schematic rcprescntalion of yeast strain EGY48 trans- 
formed with bait <LcxA-A0 fusion), prey (B42-A0 fusk.r.}. and lacZ 
reporter plasmids. Bait fusion protein (LexA-A0) is produced v^nsti- 
tutrvcly under the control of the ADH promoter am! binds to the 
upstream region of reporter genes at LexA operator sites; prey fusion 
peptide expression r. driven by the GAU prom cr and is inducible by 
galactose. Prey fusion protein is expressed in the presence of galactose. 
If the A3 portion of the prey protein binds the A0 moiety of the bait 
fusion peptide, transcription from the reporter genes is triggered. The 
system therefore provides an opportunity to examine interaction 
between two monomcric A^ molecules, an essential first step in the 
nucteation event leading to fibril formation. 
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RESULTS 

The experimental system established by Brent et at. (described 
in rcf. 29) is depicted in Fig. I. The selection strain contain* 
either A£ or bicoid as a bait fused in-framc to the bacterial 
LexA protein, which by itself has no transcriptional activation 
function in ytasi (33). The host strain contains LEVI and tacZ 
reporters carrying LexA operators instead of native unstrcam 
activating sequences. A strain containing the bait (LexA-A0) 
and reporters (LEU2 ard tacZ) remains inert for the expres- 
sion of leucine utilization or 0-galactosidase activity unless it 
al*o contains a vector (prey) that expresses an interacting 
proiein as a fusion molecule consisting of nuclear localization 
sequences from simian virus 40, the B42 acid blob transact!- 
vation domain, and an epitope tag from influenza virus HA 
protein (35). In this system, conditional expression of library- 
encoded proteins is directed by the GAL) promoter (achieved 
by growing yeast cells in Gal/Raf minimal medium). 

Wc first determined whether EGY48 strains containing the 
LexA protein alone, LexA-A0 fusion protein, or LexA-bicoid 
permitted the expression of tacZ or leucine genes. When 
EGY48 strains containing the individual LexA fusion baits 
were spotted at equal density on minimal medium plates 
containing Gal/Raf Ura" His" medium, similar growth rates 
were observed, indicating that none of the baits was toxic to 

A PIATE: CM GaVRaf -HUTL 
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yeast. These strains failed to grow on Gal/Raf Ura" His" Leu" 
medium ano did not form blue colonies on Gal/Raf Ura" His" 
X-Gal medium (data not presented), indicating that none of 
the bait proteins by themselves could permit the expression of 
leucine or p-galactosidase phenotypes. 

B42-A0 prey plasmid was introduced into the yeast strain 
containing LcxA-Ap bait protein. Equal dilutions of this yeast 
strain were spotted on Gal/Raf Ura' His" t t>" X-Gal and 
Glc Ura" His" Trp" X-Gal media to measure expression of 
0-galactosidasc, and on Gal/Raf Ura" His" Trp" Leu" and 
Glc Ura" His" Trp" Leu" media to check the expression of the 
leucine utilization phenotype. The B42^ prey plasmid, when 
introduced into the yeast strain with LexA-A0 bait, showed 
growth on minimal medium plates devoid of leucine (Fig. 2A) 
and showed blue colonics on X-Gal medium in the presence of 
Gal/Raf as the carbon source (Fig. 2Q but showed no growth 
(Fig. IB) and no blue colonies (Fig. 2Z)* in the presence of 
glucose. These results indicate that thj interaction between 
LexA-A/3 and B42^ is triggered by expression of the B42 
fusion protein under the influence of the GALI promoter. 
When LexA bicoid (Fig. 2) or LexA protein alone (data not 
presented) was used as bait, introduction of B42-A0 plasmid 
did not result in growth on leucine plates or blue colonies on 
X-Gal medium in the presence of Gal/Raf. indicating that the 
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interaction between LexA-Ap and B42-A0 is specific and most 
likely due to the intermodular interaction between the A0 
molecules derived from the bait and the prey. When B42- 
A0TT prey plasmid war. introduced into the yeast strain 
bearing LexA-A0 bait, minimal growth was observed in p'atcs 
devoid of leucine and no blue (or only very weakly blue) 
cc Ionics were observed on X-Gal medium in the presence of 
glucose or Gal/Raf as carbon source (Fig. 2). This inaicates 
that the A0 molecule substituted at positions 19 and 20 with 
threonine rerdues interacts poorly with the wild-type A0 

^We next attempted to quantitatc the observed A0-A0 
interaction by the ONPG colorimetric assay. Fig. 3 clearly 
indicates that there was significantly higher 0-galactosidase 
activity in the yeast strain expressing B42-A0 prey and 
LexA-A0 bait compared with the yeast cells with B42-A0 
prcy/LcxA-bicnid bait (~23-fold, P * 0.01 , Student's t test) or 
B42-A0TT prey/LexA-A0 bait (~2-fold, P = 0.02). These 
results indicate that the A0-A0 interaction inferred from Fig. 
2 was significantly greater than the interaction between A0TT 
and A0 or Ap and bicoid monomers. 

In an attempt to obtain direct in vivo evidence for the 
interaction between B42-A0 prey and LcxA-A0 bait proteins, 
immunoprecipitates obtained by using antibodies against bait 
protein were subjected to immunoblotting with antibodies 
against the prey protein. Yeast cells expressing LtxA-A0 bait 
and B42-A0 or B42-A0TT prey proteins were grown in 
glucose-containing medium and switched to glucose or Gal/ 
Raf liquid minimal medium. The cells were harvested and cell 
extracts were prepared from equal numbers of cells. One 
aliquot of cell extract was subjected to immunoprecipitation 
with an anti-LexA antibody and the immunoprecipitates were 
subjected to Tris/tricinc SDS/PAGE followed by immuno- 
blotting with the monoclonal anti-HA antibody. If the two Ap 
molecules or A0-A0TT molecules interact in vivo, one should 
be able to isolate the bait-prey complexes with antibody 
specific to the bait. Indeed, prey-specific HA immunoreactrvity 
was observed (at 16 kDa; Fig. 4, lane I) from the immuno- 
precipitates obtained from A0/A0 cells grown in the presence 
of galactose, but not from the immunoprecipitates obtained 
from these cells subjected to glucose in the medium (Fig. 4. 
lane 2), indicating that the two A0 fusion proteins interact 
inside the yeast cell nucleus. When A0/A0 cell extracts were 
directly subjected to immunoblotting with anti-HA antibody, 
"the 16-kDa band was observed in extracts derived from these 
cells grown in the presence of galactose (Fig. 4, lane 3), but no 
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Fk *.. X Assay to determine 0-galactosidasc activity present in each 
of the strain* tested after 0 hr (open bars) and 10 hr (fillei! bars) of 
incubation in Gal/Raf complete minimal medium. Mats: I. B42-A0/ 
UxA-bkoid; 2, B42 alonc/LcxA alone; X B42 alonc/Lc\A-A0; 4. 
B42-A^TT/LexA-Ap; 5, B42-A0/LcxA.A0. These data arc typical of 
three replicated experiments. 




Fig. 4. Immunoprecipitates obtained by using LexA antiserum 
with extracts of B42-A0/LcxA-A0 strain grown in Gal/Raf medium 
(lane 1) or Glc medium (lane 2), cell extracts of B42-A0/LexA-A0 
cells grown in the presence of Gal/Raf (lane 3) or Glc (lane 4). Lanes 
5-8 are similar to lanes 1-4 except that B42-A0TT/LexA-A0 yeast 
strain was used. Lanes 9 and 10 represent immunoprecipitates and cell 
extracts obtained from LcxA-A0 strain containing no prey plasmid 
and from B42 alonc/LcxA alone yeast strain, respectively. Samples 
were elect rophorescd in a Tris/tricine SDS/15% polyacrylamide gel 
and immunoblottcd with anti-HA antibody. 

immunoreactivc band was observed for cells grown in the 
presence of glucose (Fig. 4, lane 4). The LexA immunopre- 
cipitates obtained from A0TT/A0 yeast grown on galactose 
resulted in very low levels of the anti-HA-immunorcactive 
16-kDa band, seen only upon prolonged exposure (Fig. 4, lane 
5; band not seen at this exposure). No 16-kDa band resulted 
from immunoprecipitates grown on glucose even on prolonged 
exposure (Fig. 4, lane 6). The anti-HA-immunoreactivc 16- 
kDa band was, however, observed in cell extracts obtained 
from A/3TT/A0 yeast grown on galactose (Fig. 4. lane 7) but 
not in A/3TT/A0 yeast grown on glucose (Fig. 4, lane 8; the 
A0TT prey protein seems to run slightly lower than the A0 
prey protein). The observed molecular mass of 16 kDa is 
consistent with that predicted for a prey fusion protein and wi»s 
also observed when anti-A0 antibodies were used with cell 
extracts from A0/A0 cells grown on galactose (data not 
presented). No immunoreactive bands were obtained in LexA 
immunoprecipitates derived from the EGY48 strain express- 
ing the LcxA-A0 bait but containing no prey plasmid (Fig. 4, 
lane 9) and in cell extracts or immunoprecipitates from E9Y48 

strain. . 

The observed weak interaction of AjTTT with the native A0 
molecule was also examined by electron microscopy. An 
octapeptide fragment. OKLVTTAE, representing the FF- 
to-TT substitution at positions 19 and 20 in A0-( 17-24) is 
capable of inhibiting fibril formation of the native A0-(1-4O) 
(Fig. 5). A0-O-4O) at 250 jiM. incubated for 4 days in water, 
showed significantly greater fibril formation (Fig. 5A) com- 
pared with the amount seen when A0-(I-4O) at 250 jaM was 
incubated with the octapeptide al 2.5 niM_under the same 
conditions (Fig. 5tf ). 

DISCUSSION 

In the present study we demonstrate that two monomers of A0 
arc capable of interacting in a cukaryolic cell. We further 
demonstrate that this interaction is specific by using the 
Drosophita protein bicoid as a bait protein in this system. This 
interaction was found to be positive by usi.-;« the tacZ and 
LEU2 reporter systems (Fig. 2). Quantitation ot p-galactosi- 
dasc activity by the ONPG assay supported these conclusions 
(Fig. 3). FL'.tl.c;niorc t direct evidence of interaction was 
obtained by subjecting immunoprecipitates obtained by using 
antibodies against bait protein to immunoblotting with anti- 
bodies raised against the HA epitope present on the prey 
protein (Fig. 4). . 

Hilbich et at. (36) have previously reported that a well- 
preserved hydrophobic core around aa 17-24 is important for 
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the formation of 0-shcet structure and amyloid properties. 
When stained with Congo red, peptide A/H10-42) or A0- 
(10-43) containing the FF-to-TT substitution (equivalent to 
the substitution in A0XT) did not reveal birefringence ?nd 
showed decreased 0-shect content when compared with the 
native peptide by circular dichroism spectroscopy and by 
infrared spectroscopy. Moreover, when these substituted pep- 
tides were mixed with the native A/H10-43) fragment at 
eqtiimolar concentration, they inhibited the formation of 
filaments in vitro (belc* 15%), as detected by electron micro- 
scopic analysis (TO). Our data suggest that the octapeptide 
f-agment QKLVTTAE, representing the FF-to-TT substitu- 
tion in A0-( 17-24), is also capable of inhibiting the aggregation 
of native A0-(1-4O) (Fig. 5; unpublished results). The results 
presented in this paper clearly demonstrate that A0TT fusion 
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protein interacts poorly with the native A,6 (Figs. 2-4). Hilbich 
rt aL (36) suggest that the A0 and A0TT monomers may form 
oligomers that do not fit into the structure of a filament. Our 
data suggest that inhibition of filament formation by peptides 
representing the TT substitution (at 10-fold molar abundance 
compared with ihe native peptide) may be explained by a weak 
interaction between the A0 and A/3TT monomers. Alterna- 
tively, it is also possible that A0TT peptide may directly 
interfere with the fiber formation process. 

Recent evidence has indicated that the cellular forms of 
prion protein (Prl*) can form prcteasc-rcsistant prion protein 
(PrP^) in a cell-free system in which PrP* is used as a seed 
(37). This conversion did not require biosynthesis of new PrPS 
asparagine-linlced glycosylation, or the presence of its normal 
glycosylphosphatidylinositol anchor, suggesting that oligomer 




F* S. Tnmmfefan electron micrograph* of A W l-40) peptide incba.ed for 4 days'in water (A) and A0-O-4O) peptide incited in .1:11 
ratio with the octapeptide OKLVTTAE for 4 days in water (»). (Bar = 0.1 (im.) 
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formation between PrP* and PrP is sufficient for the con- 
version reaction to occur. Amyloid fibrils characterize several 
human diseases in which the presence of amyloid deposits is 
coincident with organ dysfunction. There is often a positive 
correlation between severity of the disease and the extent of 
fibril formation (38). Amyloid formation exhibits nucleation- 
dependent kinetics (22, 39-41). The slow and thermodynam- 
ically unfavorable interactions between individual monomers 
may be the rate-limiting step in aggregation. The yeast system 
described in this p?oer offers an opportunity to study the 
interaction of monomeric A0 peptides. Although the peptides 
were expressed as fusion proteins, the results presented in this 
paper suggest that the observed interaction is due to the A0 
peptide domain. Results presented in Fig. 4 also suggest that 
no covalent higher-order bait-prey aggregates can be observed 
on the gel. This system may therefore provide an opportunity 
to freeze-frame the monomer-monomer interaction. Experi- 
mental system(s) such as the one presented in this paper may 
thus be used to study monomer-monomer interactions in other 
proteins that participate in nucleation-dependent amyloid 
formation. 

There are some caveats in the piesent study. Although our 
results indicate that the interaction of LexA-A0 and B42-A0 
fusion proteins occurs mainly because of amino acids within 
the two Afl domains, it is possible that the conformation of the 
fusion proteins may influence this effect. These inierac'ions 
take place in the yeast cell nucleus under conditions where the 
LcxA-A/3 bait complex is bound to the LcxA operator site. 
Whereas the yeast system described here is useful in studying 
intermolecular interactions, the intramolecular interactions 
may not be fully captured in a fusion-protein context. Fur- 
thermore, it is possible that interaction between bait-A0 and 
prey-A0 may not be relevant to fibril formation. This system 
will therefore have to be carefully validated by using molecules 
that are known to accelerate or inhibit the monomer- 
monomer interaction in A0 fibrillogencsis. 

Wc thank Dr. Roger Brenl (Massachusetts General Hospital. 
Boston) for providing the necessary vectors and yeast stratus required 
for completion of this study. We arc very thankful to Dr. Timm Jessen 
for help with several experimental protocols. Paula Williams for 
electron microscopy, and Michael Mcrriman for oligonucleotide and 
peptide synthesis. The monoclonal antibodies to A0 peptide were 
provided by Drs. K. S. Kim and H. Wisniewski. 
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ABSTRACT 



Compounds that modulate the aggregation of amyloidogenic 
proteins or peptides are disclosed. The modulators of the 
invention can promote amyloid aggregation or, more 
preferably, can inhibit natural amyloid aggregation. In a 
preferred embodiment, the compounds modulate the aggre- 
gation of natural p amyloid peptides (p-AP). In a preferred 
embodiment, the P amyloid modulator compounds of the 
invention are comprised of an Ap aggregation core domain 
and a modifying group coupled thereto such that the com- 
pound alters the aggregation or inhibits the neurotoxicity of 
natural p amyloid peptides when contacted with the pep- 
tides. Furthermore, the modulators are capable of altering 
natural p-AP aggregation when the natural p-APs are in a 
molar excess amount relative to the modulators. Pharma- 
ceutical compositions comprising the compounds of the 
invention, and diagnostic and treatment methods lor amy- 
loidogenic diseases using the compounds of the invention, 
are also disclosed. 

JO Chums, 7 Drawing Sheets 
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A|5 PEPTIDES THAT MODULATE p- 
AMYLOII) AGGREGATION 

RELATED APPLICATIONS 

This application is a continuation-in-part of U.S. patent 
application Ser. No. 08/404,831, filed Mar. 14, 1995, and 
U.S. patent application Ser. No. 08/475,579, filed Jun. 7, 
1995 and U.S. patent application Ser. No. 08/548,998, filed 
Oct. 27, 1995, the entire contents of each of which are 
hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

Alzheimer's disease (AD), first described by the Bavarian 
psychiatrist Alois Alzheimer in 1907, is a progressive neu- 
rological disorder that begins with short term memory loss 
and proceeds to disorientation, impairment of judgment and 
reasoning and, ultimately, dementia. The course of the 
disease usually leads to death in a severely debilitated, 
immobile state between four and 12 years after onset. AD 
has been estimated to afflict 5 to 11 percent of the population 
over age 65 and as much as 47 percent of the population over 
age 85. The societal cost for managing AD is upwards of 80 
billion dollars annually, primarily due to the extensive 
custodial care required for AD patients. Moreover, as adults 
born during the population boom of the 1940 ; s and 1950 ? s 
approach the age when AD becomes more prevalent, the 
control and treatment of AD will become an even more 
significant health care problem. Currently, there is no treat- 
ment that significantly retards the progression of the disease. 
For reviews on AD, see Selkoe, D. J. Sci Amer., November 
1991, pp. 68-78; and Yankner, B. A. et al. (1991) N. Eng. J. 
Med. 325:1849-1857. 

It has recently been reported (Games et al. (1995) Nature 
373:523-527) that an Alzheimer-type neuropathology has 
been created in transgenic mice. The transgenic mice 
express high levels of human mutant amyloid precursor 
protein and progressively develop many of the pathological 
conditions associated with AD. 

Pathologically, AD is characterized by the presence of 
distinctive lesions in the victim's brain. These brain lesions 
include abnormal intracellular filaments called neurofibril- 
lary tangles (NTFs) and extracellular deposits of amy- 
loidogenic proteins in senile, or amyloid, plaques. Amyloid 
deposits are also present in the walls of cerebral blood 
vessels of AD patients. The major protein constituent of 
amyloid plaques has been identified as a 4 kilodalton peptide 
called (3-amyloid peptide (p-APXGlenner, G. G. and Wong, 
C. W. (1984) Biochem. Biophys. Res. Com i nun. 
120:885-^890; Masters, C. et al. (1985) Proa Natl Acad. Sci. 
USA 82:4245^249). Diffuse deposits of (5-AP are fre- 
quently observed in normal adult brains, whereas AD brain 
tissue is characterized by more compacted, de use-core 
(3-arayIoid plaques. (See e.g., Davies, L. el al. (1988) Neu- 
rology 38:1688-1693). These observations suggest that 
p-AP deposition precedes, and contributes to, the destruc- 
tion of neurons that occurs in AD. In further support of a 
direct pathogenic role for p-AP, p-amy!oid has been shown 
to be toxic to mature neurons, both in culture and in vivo. 
Yankner, B. A. et al. (3989) Science 245:41 7-420; Yankner, 
B.A. et al. (1990) /'roc. Natl. Acad. Sci USA 87:9020-9023; 
Roher, A. E. et al. (1991) Biochem. Biophys. Res. Commun. 
1 74:572-579; Kowall, N. W. cl al. ( 1 991 )' Proc. Natl. Acad. 
Sci. USA 88:7247-7251 . Furthermore, patients with heredi- 
tary cerebral hemorrhage with amyloidosis- Dutch -type 
(HCHWA-D), which is charade ri/cd by diffuse p-amyloid 
deposits within the cerebral cortex and cerebrovasculaturc, 
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have been shown to have a point mutation that leads to an 
amino acid substitution within p-AP. Levy, E. et al. (1990) 
Science 248:1124-1126. Th is observation demonstrates that 
a speciGc alteration of the p-AP sequence can cause 
5 p-amyloid to be deposited. 

Natural P-AP is derived by proteolysis from a much larger 
protein called the amyloid precursor protein (APP). Kang, J. 
et al. (1987) Nature 325:733; Goldgaber, D. et al. (1987) 
Science 235:877; Robakis, N. K. et al. (1987) Proc. Natl. 
JO Acad. Sci USA 84:4190; Tanzi, R. E. et al. (1987) Science 
235:880. The APP gene maps to chromosome 21, thereby 
providing an explanation for the P-amyloid deposition seen 
at an early age in individuals with Down's syndrome, which 
is caused by trisomy of chromosome 21. Mann, D. M. et al. 
I* (1989) Neuropathol.Appl. Neurobiol. 15:317; Rumble, B. et 
al. (1989) JV. Eng. J Med. 320:1446. APP contains a single 
membrane spanning domain, with a long amino terminal 
region (about two-thirds of the protein) extending into the 
extracellular environment and a shorter carboxy-terminal 
20 region projecting into the cytoplasm. Differential splicing of 
the APP messenger RNA leads to at least five forms of APP, 
composed of either 563 amino acids (APP-563), 695 amino 
acids (APP-695), 714 amino acids (APP-714), 751 amino 
acids (APP-751) or 770 amino acids (APP-770). 
25 Within APP, naturally -occurring p amyloid peptide begins 
at an aspartic acid residue at amino acid position 672 of 
APP-770. Naturally-occurring p-AP derived from proteoly- 
sis of APP is 39 to 43 amino acid residues in length, 
depending on the carboxy-terminal end point, which .exhib- 
its heterogeneity. Tihe^predominant circulating form -of $-AP 
in the blood and cerebrosp in aPfluid'offcotb AD patients ;and 
normal adults is pl-40 ("short P"). Seubert, P. et al. (1992) 
Nature 359:325; Shoji, M. et al. (1992) Science 258:126. 
However, pl^2 and pl-43 ("long p") also are forms in 
35 P-amyloid plaques. Masters, C. et al. (1985) Proc. Natl 
Acad. Sci. USA 82:4245; Miller, D. et al. (1993) Arch. 
Biochem. Biophys. 301:41; Mori, H. et al. (1992)/. Biol 
Client. 267:17082. Although the precise molecular mecha- 
nism leading to p-APP aggregation and deposition is 
40 unknown, the process has been likened to that of nucleation - 
dependent polymerizations, such as protein crystallization, 
microtubule formation and actin polymerization. See e.g., 
Jarrett, J. T. and Lansbury, P. X (1993) Cell 73:1055-1058. 
In such processes, polymerization of monomer components 
* does not occur until nucleus formation. Thus, these pro- 
cesses are characterized by a lag time before aggregation 
occurs, followed by rapid polymerization after nucleation. 
Nucleation can be accelerated by the addition of a "seed" or 
preformed nucleus, which results in rapid polymerization. 
50 The long 0 forms of p-AP have been shown to act as seeds, 
thereby accelerating polymerization of both long and short 
P-AP forms. Jarrett, J. X et al. (1993) Biochemistry 32:4693. 
In one study, in which amino acid substitutions were made 
55 in p-AP, two mutant P peptides were reported to interfere 
with polymerization of non-mutated p-AP when the mutant 
and non-mutant forms of peptide were mixed. Hilbich, C. et 
al. (1992)7. Mol Biol. 228:460-473. However, equimolar 
amounts of the mutant and non-mutant (i.e., natural) p 
^ amyloid peptides were used to see this effect and the mutant 
peptides were reported to be unsuitable tor use in vivo. 
Hilbich, C et al. (1992), supra. 

SUMMARY OF THE INVEN TION 

65 This invention pertains to compounds, and pharmaceuti- 
cal compositions thereof, that can modulate the aggregation 
of amyloidogenic proteins and peptides, in particular com- 
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pounds that can modulate the aggregation of natural p Z, which may or may not be present, is a peplidic structure 

amyloid peptides (p-AP) and inhibit the neurotoxicity of having the formula (Xaa),,, wherein Xaa is any amino 

natural P-APs. In one embodiment, the invention provides acid structure and b is an integer from 1 to 15; and 

an amyloid modulator compound comprising an amy- A is a modif ; aUached [1irect] or indirecli to 

loidogenic protein or peptide fragment thereof, coupled 5 , he c nd anc| „ fc aD in 

directly or indirectly to at least one modifying group such v v Z x/oa il i i 

that the compound modulates the aggregation of natural Xaa.,, Xaa 2 , Xaa,, Y, Z, A and n being selected such that the 
amyloid proteins or peptides when contacted with the natu- com P ound , modulates the aggregation or inhibits the neuro- 
ral amyloidogenic proteins or peptides. Preferably, the com- t0xicu y of " a,ural P-«nyk»d peptides when contacted with 
pound inhibits aggregation of natural amyloidogenic pro- lhe natural P-amyloid peptides. In a preferred embodiment, 
teins or peptides when contacted with the natural 10 Xaa 3 and Xaa 2 are each phenylalanine structures. In another 
amyloidogenic proteins or peptides. The amyloidogenic preferred embodiment Xaa 2 and Xaa 3 are each phenylala- 
protein, or peptide fragment thereof, can be, for example, nine structures. 

selected from the group consisting of transthyretin (TTR), The invention further provides a p-amyloid modulator 

prion protein (PrP), islet amyloid polypeptide (IAPP), atrial compound comprising a formula: 
natriuretic factor (ANF), kappa light chain, lambda light 15 

chain, amyloid A, procalcitonin, cystatin C, p2 A„ 
microglobulin, ApoA-I, gelsolin, calcitonin, fibrinogen and (Y— Xaa,— Xaa 2 — Xaa 3 — Xaa<— zf 

lysozyme. 

In the most preferred embodiment of the invention, the wherein Xaa., and Xaa 3 are amino acid structures; 
compound modulates the aggregation of natural p-AP. The 20 Xaa~ js a valine structure- 
invention provides a p-amyloid peptide compound cornpris- __ 2 . , . , 

ing a formula: Xaa * 1S a Phenylalanine structure; 

Y, which may or may not be present, is a peptidic structure 
A„ having the formula (Xaa) c , wherein Xaa is any amino 

(x&af ^ acid structure and a is an integer from 1 to 15; 

Z, which may or may not be present, is a peptidic structure 
wherein Xaa is a p-amyloid peptide having an amino- having the formula (Xaa) fr , wherein Xaa is any amino 

terminal amino acid residue corresponding to position 668 acid structure and b is an integer from 1 to 15; and 

of p-amyloid precursor protein-770 (APP-770) or to a A is a modifying group attached directly or indirectly to 

residue carboxy-terminal .to position «668 of APP-770, A is a 30 , me .compound and n is an inte«er 
modifymg group attached directly =or indirectly <to :the x ^ x ^ Y , Z, A and n being selected such that the 
p-amyloid peptide of the compound such that the compound compound modulates the aggregation or inhibits the neuro- 
inhibits aggregation of natural P-amyloid peptides when toxicity of natural (3-amyloid peptides when contacted with 
contacted with the natural P-amyloid peptides, and n is an the natural p-amyloid peptides. In a preferred embodiment, 
integer selected such that the compound inhibits aggregation 35 Xa 3l is a leucine structure and Xaa 3 is phenylalanine 
of natural p-amyloid peptides when contacted with the structure. 

natural p-amyloid peptides. jhe iDvention stiU f^^r provides a compound compris- 

In one embodiment, at least one A group is attached j n g ^ f ormu i a: 
directly or indirectly to the amino terminus of the p-amyloid 

peptide of the compound. In another embodiment, at least 40 A-Xaa 1 -Xaa 2 -Xaa ? -Xaa 1 ,-Xaa 5 -Xaa 6 -x.'ia 7 -Xaa s -B 
one A group is attached directly or indirectly to the carboxy 

terminus of the p-amyloid peptide of the compound. In yet wherein Xaal is a histidine structure; 
another embodiment, at least one A group is attached Xaa2 is a glutamine structure; 

directly or indirectly to a side chain of at least one amino Xaa3 is a lysine structure; 

acid residue of the p-amyloid peptide of the compound. 45 Xaa4 is a leucine structure* 
The invention also provides a p-arayloid modulator com- Xaa5 fc a vaiine structure . ' 
pound comprising an Ap aggregation core domain (ACD) nhenvlalanine structure- 

coupled directly or indirectly to at least one modifying group Aaa0 1S 3 P nen y laianine structure, 

(MG) such that the compound modulates the aggregation or Xaa7 ,s a phenylalanine structure; 
inhibits the neurotoxicity of natural P-amyloid peptides 50 Xaa8 * s an alanine structure; 

when contacted with the natural p-amyloid peptides. A and B are modifying groups attached directly or indi- 

Preferably, the AP aggregation core domain is modeled after rcctlv to the amino terminus and carboxy terminus, 
a subrcgion of natural (5-arayloicl peptide between 3 and 10 respectively, of the compound; 

amino acids in length. aoc ' wherein Xaa 1 -Xaa 2 -Xaa 3 , Xaa 2 -Xaa 2 or Xaa 3 may or 

The invention also provides p-amyloid modulator corn- 55 mav not ^ P resen U 
pound comprising a formula: Xaa s may or may not be present; and 

at least one of A and 13 is present. 
„ v v „^ A " The invention still further provides a 6-amyloid modu la - 

7 tor compound comprising a modifying group attached 

60 directly or indirectly to a peptidic structure, wherein the 
wherein Xaa lt Xaa 2 and Xaa 3 are each amino acid structures peptidic structure comprises amino acid structures having an 
and at least two of Xaa a , Xaa 2 and Xaa 3 are, independently, amino acid sequence selected from the group consisting of 
selected from the group consisting of a leucine structure, a His-Gln-Lys-Leu-Val-Phe-Phe-AJa (SEQ ID NO:5), His- 
phcnylalanine structure and a valine structure; Gln-Lys-Leu-Val-Phe-Phe (SEQ ID NO:6), Gln-Lys-Lcu- 

Y, which may or may not be present, is a peptidic structure 65 Val-Phe-Phe-Ala (SEQ ID NO:7), Gln-Lys-l.eu-Val-Phe- 
having the formula (Xaa),, wherein Xaa is any amino Phe (SEQ ID NO:8), Lys-Leu-Val-Phe-Phe-Ala (SEQ ID 
acid structure and a is an integer from 1 to 15; NO:9), Lys-Lcu-Val-Phe-Phe (SEQ ID NO:J0), Ixu-Val- 
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Phe-Phe-Ala (SEQ ID NO:ll), Leu-Val-Phe-Pbe (SEQ ID 
NO:12), Leu-Ala-Phe-Phe-Ala (SEQ ID NO:13), Val-Phe- 
Phe (SEQ ID NO:19), Phe-Phe-Ala (SEQ ID NO:20), Phe- 
Phe-Val-Leu-Ala (SEQ ID NO:21), Leu-Val-Phe-Phe-Lys 
(SEQ ID NO:22), Uu-Val-Iodolyrosine-Phe-Ala (SEQ ID 
NO:23), Val-Phe-Phe-Ala (SEQ ID NO:24), Ala-Val-Phe- 
Phe-Ala (SEQ ID NO:25), Leu-Val-Phe-Iodotyrosine-Ala 
(SEQ ID NO:26), Leu-Val-Phe-Phe-Ala-Glu (SEQ ID 
NO:27), Phe-Phe-Val-Leu (SEQ ID NO:28), Pbe-Lys-Phe- 
Val-Leu (SEQ ID NO:29), Lys-Leu-Val-Ala-Phe (SEQ ID 
NO:30), Lys-Leu-Val-Phe-Pbe-pAla (SEQ ID NO:31) and 
Leu-Val-Pbe-Phe-DAla (SEQ ID NO:32). 

In the compounds of the invention comprising a modify- 
ing group, preferably the modifying group comprises a 
cyclic, heterocyclic or poly cyclic group. Preferred modify- 
ing groups contains a cis-decalin group, such as a cholanoyl 
structure. Preferred modifying groups include a cholyl 
group, a biotin-containing group, a diethylene- 
triaminepenta acetyl group, a (-)-roenthoxyacetyl group, a 
fluorescein-containing group or an N-acetylneuraminyl 
group. 

The compounds of the invention can be further modified, 
for example to alter a pharmacokinetic property of the 
compound or to label the compound with a detectable 
substance. Preferred radioactive labels are radioactive iodine 
or technetium. 

The invention also provides a p- amyloid modulator which 
inhibits aggregation of natural (3 -amyloid peptides when 
contacted with a molar excess amount of natural P-amyloid 
peptides. 

The invention .also provides a p-amyloid peptide com- 
pound comprising an amino acid sequence having at least 
one amino acid deletion compared to pAP^p, such that the 
compound inhibits aggregation of natural p-amyloid pep- 
tides when contacted with the natural p-amyloid peptides. In 
one embodiment, the compound has at least one internal 
amino acid deleted compared to pAP-,_ 39 . In another 
embodiment, the compound has at least one N-terminal 
amino acid deleted compared to pAP log . In yel another 
embodiment, the compound has at least one C-terminal 
amino acid deleted compared to pAP^p. Preferred com- 
pounds include PAP^ (SEQ ID NO:4), P AP^^ (SEQ ID 
NO:14), PAPi.20 26 . 40 (SEQ ID NO:15) and 
EEVVHHHHQQ-PAP 16 . 4? (SEQ ID NO: 16). 

The compounds of the invention can be formulated into 
pharmaceutical compositions comprising the compound and 
a phamnaceutically acceptable carrier. The compounds can 
also be used in the manufacture of a medicament for the 
diagnosis or treatment of an amyloiclogenic disease. 

Another aspect of the invention pertains to diagnostic and 
treatment methods using the compounds of the invention. 
The invention provides a method for inhibiting aggregation 
of natural p-amyloid peptides, comprising contacting the 
natural p-amyloid peptides with a compound of the inven- 
tion such that aggregation of the natural p-amyloid peptides 
is inhibited. The invention also provides a method for 
inhibiting neurotoxicity of natural p-amyloid peptides, com- 
prising contacting the natural p-amyloid peptides with a 
compound of the invention such that neurotoxicity of the 
natural p-amyloid peptides is inhibited. 

In another embodiment, the invention provides a method 
for detecting the presence or absence of natural p-amyloid 
peptides in a biological sample, comprising contacting a 
biological sample with a compound of the invention and 
detecting the compound bound to natural p-amyloid pep- 
tides to thereby detect the presence or absence of natural 
p-amyloid peptides in the biological sample. In one 



embodiment, the p-amyloid modulator compound and the 
biological sample are contacted in vitro. In another 
embodiment, the p-amyloid modulator compound is con- 
tacted with the biological sample by administering the 
5 p-amyloid modulator compound to a subject. For in vivo 
administration, preferably the compound is labeled with 
radioactive technetium or radioactive iodine. 

In another embodiment, the invention provides a method 
for detecting natural p-amyloid peptides to facilitate diag- 

]0 nosis of a p-amyloidogenic disease, comprising contacting a 
biological sample with a compound of the invention and 
detecting the compound bound to natural p-amyloid pep- 
tides to facilitate diagnosis of a p-amyloidogenic disease. In 
one embodiment, the p-amyloid modulator compound and 

15 the biological sample are contacted in vitro. In another 
embodiment, the p-amyloid modulator compound is con- 
tacted with the biological sample by administering the 
p-amyloid modulator compound to a subject. For in vivo 
administration, preferably the compound is labeled with 

20 radioactive technetium or radioactive iodine. Preferably, the 
method facilitates diagnosis of Alzheimer's disease. 

The invention also provides a method for treating a 
subject for a disorder associated with amyloidosis, compris- 
ing administering to the subject a therapeutically or prophy- 

25 lactically effective amount of a compound of the invention 
such that the subject is treated for a disorder associated with 
amyloidosis. The method can be used to treat disorders is 
selected, for example, from the group consisting of familial 
amyloid polyneuropathy (Portuguese, Japanese and Swedish 

30 types), familial amyloid cardiomyopathy (Danish type), 
isolated cardiac amyloid, systemic senile amyloidosis, 
scrapie, bovine spongiform encephalopathy, Creutzfeldt- 
Jakob disease, Gerslraann-Straussler-Scheinker syndrome, 
adult onset diabetes, insulinoma, isolated atrial amyloidosis, 

35 idiopathic (primary) amyloidosis, myeloma or 
macroglobulinemia-associated amyloidosis, primary local- 
ized cutaneous nodular amyloidosis associated with 
Sjogren's syndrome, reactive (secondary) amyloidosis, 
familial Mediterranean Fever and familial amyloid nephr- 

40 opathy with urticaria and deafness (Muckle-Wells 
syndrome), hereditary cerebral hemorrhage with amyloido- 
sis of Icelandic type, amyloidosis associated with long term 
hemodialysis, hereditary non-neuropathic systemic amyloi- 
dosis (familial amyloid polyneuropathy III), familial amy- 

45 loidosis of Finnish type, amyloidosis associated with med- 
ullary carcinoma of the thyroid, fibrinogen-associated 
hereditary renal amyloidosis and lysozyme-associated 
hereditary systemic amyloidosis. 
In a preferred embodiment, the invention provides a 

50 method for treating a subject for a disorder associated with 
p-amyloidosis, comprising administering to the subject a 
therapeutically or prophylactically effective amount of a 
compound of the invention such that the subject is treated for 
a disorder associated with p-amyloidosis. Preferably the 

55 disorder is Alzheimer's disease. 

In yet another embodiment, the invention provides a 
method for treating a subject for a disorder associated with 
p-amyloidosis, comprising administering to the subject a 
recombinant expression vector encoding a peptide com- 

60 pound of the invention such that the compound is synthe- 
sized in the subject and the subject is treated for a disorder 
associated with p-amyloidosis. Preferably, the disorder is 
Alzheimer's disease. 
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BRIEF DESCRIPTION OFITIE DRAWING 

FIG. 1 is a graphic representation of the turbidity of a 
P-APj.,,0 solution, as measured by optical density at 400 nra, 
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either in the absence of a p-amyloid modulator or in the by modulation of processes that produce toxic p-AP, or other 

presence of the p-amyloid modulator N-biotioyl-pAP^o APP fragments, in vivo. Alternatively, modulator com- 

(1%, or 5%). pounds may be selected based on these latter properties, 

FIG. 2 is a schematic representation of compounds which rather thaD inhibition of Ap aggregation in vitro. Moreover, 

can be used to modify a P-AP or an Ap aggregation core 5 modulator compounds of the invention that are selected 

domain to form a P-arayloid modulator of the invention. based upon their interaction with natural p-AP also may 

i • , ■ rtf tUa c a o interact with APP or with other APP fragments. 

FIG. 3 is a graphic representation of the toxicity of Ap 3 _ 40 & 

aggregates, but not AP a . 40 monomers, to cultured neuronal As used herein, a "modulator" of P-amyloid aggregation 

ce U s is intended to refer to an agent that, when contacted with 

FIGS. 4A-F are a graphic representation of the aggrega- '° nalura J jj am ^ lhe aggregation of the 

tion of AP, ^ in the presence of an equimolar amount of nalu [ al P am y lM w d P e P tldes ' ™ e tern \ »8gn=8f!ion of P 

cholyl-Ap^ (panel A), a -2-fold molar excess of cbolyl- am y loid P^ 1 ** t0 3 ^ 0CCSS wher f by lhc P f ,d f 

AP^ (panel B) or a ~6-fokl molar excess of cholyl-Ap^ a ™ ! f wlh e , ach * her t0 fo ™ a ™ hl ™™> lar S el 7 

(panel Q and the corresponding toxicity of the aggregates of „ ! nsol ^ e cora P lex * ^ term . *^?f ll0n . furth 1 er 1 is 

panels A, B and C to cultured neuronal cells (panels D, E and 15 intecded ,0 ^compass p amyloid fibril formation and also 

F, respectively). encompasses P-amytoid plaques. 

The terms "natural p-amyloid peptide", "natural P-AP" 

DETAILED DESCRIPTION OF THE and "natural Ap peptide", used interchangeably herein, are 

INVENTION intended to encompass naturally occurring proteolytic cleav- 

™, . . t . j , , t . 20 aee products of the p amyloid precursor protein (APP) 

This invention pertains to compounds, and pharmaceuti- , • , i i • £ * ™ ■ in i j • 

, ... A * , . . 4 . 4 - which are involved m P-AP aggregation and p-amyloidosis. 

cal compositions thereof, that can modulate the aggregation ^ . ._..,,« i - , • , »_ 

c ... • . . . - , i These natural peptides include B-amyloid peptides having 

of amy loidoeenic proteins and peptides, in particular com- r .\ ,. . n */» ao j 

J *u 4 i i # *u *• r * i t> 39-43 amino acids (i.e., Api 3 o,Ap, 40 , Ap^^Ap j. 42 and 

pounds that can modulate the aggregation of natural D A rt . . v »"i-3*» . ' J -* u * ' a rV' V i 

r , - t /o A m a - JoT-. 7u _4 ■ -* c Ap, ,,,)• The amino-terminal ammo acid residue or natural 

amyloid peptides (p-AP) and inhibit the neurotoxicity of 95 0 * « j L j • 

. 10 a t% a j r *l *- .I. * 11* p-AP corresponds to the aspartic acid residue at position 672 

natural p-APs. A compound 01 the invention that modulates 1 - , . . . - f r , , . , 

r * 10 An r 1 . 1 • • * u of the 770 ammo acid residue torm of the amyloid precursor 

aggregation 01 natural p-AP, reterrcd to herein interchange- 4 . ,, t A ™ . . , , c c 

ff o 1 -j 11* 11 protein ("APP-770 ). The 43 amino acid long form of 

ably as a p amyloid modulator compound, a p amyloid v , o * « 1. i_ ■ • j 

j * 4 . , , , t 1* *u *• r natural p-AP has the amino acid sequence, 

modulator or simply a modulator, alters the aggregation of r ^ 

natural P-AP when the modulator is contacted with natural 30 DAEFRHDSG YE VH H Q.KL V F.E A£,D V G S N K- 

P-AP. Thus, a compound of the invention acts to alter the G All GLMVGG V V1AT 

natural a^regation process or rate for P-AP, thereby dis- (also shown in SEQTD , NO: l)/whereas the shorter forms 

rupting this process. Preferably, the compounds inhibit P-AP have 1-4 amino acid residues deleted from the carboxy- 

aggregation. Furthermore, the invention provides subregions terminal end. The amino acid sequence of APP-770 from 

of the P amyloid peptide that are sufficient, when appropri- 35 position 672 (i.e., the amino-terminus of natural P-AP) to its 

ately modified as described herein, to alter (and preferably C-terminal end (103 amino acids) is shown in SEQ ID NO:2. 

inhibit) aggregation of natural p amyloid peptides when The preferred form of natural p-AP for use in the aggrega- 

contacted with the natural p amyloid peptides. In particular, lion assays described herein is AP^. 

preferred modulator compounds of the invention are com- In the presence of a modulator of the invention, aggre- 

prised of a modified form of an Ap aggregation core domain, 40 gat ion of natural p amyloid peptides is "altered"' or "modu- 

modeled after the aforementioned Ap subregion (as laled". The various forms of the term "alteration" or "modu- 

described further below), which is sufficient to alter (and lation" are intended to encompass both inhibition of p-AP 

preferably inhibit) the natural aggregation processor rate for aggregation and promotion of p-AP aggregation. Aggrega- 

p-AP. This Ap aggregation core domain can comprises as tion of natural P-AP is "inhibited" in the presence of the 

few as three amino acid residues (or derivative, analogues or 45 modulator when there is a decrease in the amount and/or rate 

mimetics thereof). Moreover, while the amino acid sequence of p-AP aggregation as compared to the amount and/or rate 

of the Ap aggregation core domain can directly correspond of p-AP aggregation in the absence of the modulator. The 

to an amino acid sequence found in natural p-AP, it is not various forms of the term "inhibition" are intended to 

essential that the amino acid sequence directly correspond to include both complete and partial inhibition of p-AP aggre- 

a p-AP sequence. Rather, amino acid residues derived from 50 gation. Inhibition of aggregation can be quantitated as the 

a preferred subregion of p-AP (a hydrophobic region cen- fold increase in the lag time for aggregation or as the 

tered around positions 17-20) can be rearranged in order decrease in the overall plateau level of aggrega tion (i.e., total 

and/or substituted with homologous residues within a mod 11- amount of aggregation), using an aggregation assay as 

la tor compound of the invention and yet maintain their described in the Examples. In various embodiments, a 

inhibitory activity (described further below). 55 modulator of the invention increases the lag time of aggre- 

The p amyloid modulator compounds of the invention can gation at least 1.2-fold, 1.5-fold, 1.8-fold, 2-fold, 2.5-fold, 

be selected based upon their ability to inhibit the aggregation 3-fold, 4-fold or 5-fold. In various other embodiments, a 

of natural p-AP in vitro and/or inhibit the neurotoxicity of modulator of the invention inhibits the plateau level of 

natural P-AP fibrils for cultured cells (using assays described aggregation at least 10%, 20%, 30%, 40%, 50%-, 75% or 

herein). Accordingly, the preferred modulator compounds 60 100%*. 

inhibit the aggregation of natural p-AP and/or inhibit the A modulator which inhibits p-AP aggregation (an "inhibi- 
neurotoxicity of natural p-AP. However, modulator com- tory modulator compound") can be used to prevent or delay 
pouuds selected based on one or both of these properties the onset of p-amyloid deposition. Moreover, as demon- 
may have additional properties in vivo thai may he bcncfi- strated in Example 10, inhibitory modulator compounds of 
cial in the treatment of amyloidosis. L ; or example, the 65 the invention inhibit the formation and/or activity of neu- 
modulalor compound may interfere with processing of natu- rotoxic aggregates of natural Ap peptide (i.e., the inhibitory 
ral p-AP (either by direct or indirect protease inhibition) or compounds can be used to inhibit the neurotoxicity of 
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P-AP). SlilJ further, also as demonstrated in Example 10, the tion 668 of P-amyloid precursor protein-770 (APP-770) or 

inhibitory compounds of the invention can be used to reduce to a residue carboxy-terminal to position 668 of APP-770. 

the neurotoxicity of preformed p-AP aggregates, indicating The amino acid sequence of APP-770 from position 668 to 

that the inhibitory modulators can either bind to preformed position 770 (i.e., the carboxy terminus) is shown below and 
Ap fibrils or soluble aggregate and modulate their inherent 5 in SEQ ID NO:2: 

neurotoxicity or that the modulators can perturb the equi- EVKMDAEFRHDSG YEVHHQK L V F FA E D - 

libriuro between monomeric and aggregated forms of p-AP VGSNKG AUG LM VGG V VI ATVI VITLVM- 

in favor of the non-neurotoxic form. LKKKQYTSIHHG VVEVDAAVTPEERHL- 

Alternatively, in another embodiment, a modulator com- SKMQQNGYENPTYKFFEQMQN 
pound of the invention promo.es the aggregation of natural ]0 More prefenlbly , lhe amino-terminal amino acid residue of 

Ap peptides, rhe various forms of the term "promotaon- lhe p. arayloid peplide corresponds to position 672 of APP- 

-"T* m fT" f < 770(p O sition5of.hea m inoacidseq l / n ceofSEQIDNO:2) 
aggregation in the presence of the modulator, as compared , r , t • * a™ 
to the amount and/or rale of p-AP aggregation in the absence a **** ^rboxy-termioal to position 672 of APP-770. 
of the modulator. Such a compound which promotes A(3 ^ough the p-amyloid peptide of the compound may 
aggregation is referred to as a stimulatory modulator com- 15 eoc °rapass the 103 ammo acid residues corresponding to 
pound. Stimulatory modulator compounds may be useful for positions 668-770 of APP-770, preferably the peptide is 
sequestering (3-amyloid peptides, for example in a biological between 6 and 60 amino acids in length, more preferably 
compartment where aggregation of P-AP may not be del- between 10 and 43 amino acids in length and even more 
eterious to thereby deplete ft-AP from a biological compart- preferably between 10 and 25 amino acid residues in length, 
ment where aggregation of p-AP is deleterious. Moreover, 20 As used herein, the term u p amyloid peptide", as used in 
stimulatory modulator compounds can be used to promote a modulator of the invention is intended to encompass 
AP aggregation in in vitro aggregation assays (e.g., assays peptides having an amino acid sequence identical to that of 
such as those described in the Examples), for example in the natural sequence in APP, as well as peptides having 
screening assays for test compounds that can then inhibit or acceptable amino acid substitutions from the natural 
reverse this Ap aggregation (i.e., a stimulatory modulator 2 5 sequence. Acceptable amino acid substitutions are those that 
compound can act as a "seed" to promote the formation of do not affect the ability of the peptide to alter natural p-AP 
AP aggregates). aggregation. Moreover, particular amino acid substitutions 
In a preferred embodiment, the modulators of the inven- may further contribute to the ability of the peptide to alter 
tion are capable of altering p-AP aggregation when con- natural p-AP aggregation and/or may confer additional 
tactedwith a molar excess amount of .natural PtAP. A":molar 30 beneficial properties on the peptide (e.g., increased 
excess amount of natural .p-AP" refers teaiconcentra tion »o"f solubility, reduced association with other amyloid proteins, 
natural P-AP, in moles, that is greater than the concentration, etc.). For example, substitution of hydrophobic amino acid 
in moles, of the modulator. For example, if the modulator residues for the two phenylalanine residues at positions 19 
and P-AP are both present at a concentration of 1 //M, they and 20 of natural P-AP (positions 19 and 20 of the amino 
are said to be "equimolar", whereas if the modulator is 35 acid sequence shown in SEQ ID NO:l) may further con- 
present at a concentration of 1 t ttM and the P-AP is present tribute to the ability of the peptide to alter P-AP aggregation 
at a concentration of 5 //M, the P-AP is said to be present at (see Hilbich, C. (1992)7. Mol Biol 228:460-473). Thus, in 
a 5 -fold molar excess amount compared to the modulator. In one embodiment, the p-AP of the compound consists of the 
preferred embodiments, a modulator of the invention is amino acid sequence shown below and in SEQ ID NO:3: 
effective at altering natural P-AP aggregation when the 40 DAEFRHDSGYEVHHQKLV(Xaa J9 )(Xaa 20 ) 
natural P-AP is present at at least a 2-fold, 3-fold or 5-fold AEDVGSNKGAIIGLMVGG VVIAT 
molar excess compared to the concentration of the raodu- (or an amino-terminal or carboxy-termiDal deletion thereof), 
lator. In other embodiments, the modulator is effective at wherein Xaa is a hydrophobic amino acid. Examples of 
altering P-AP aggregation when the natural P-AP is present hydrophobic amino acids are isoleucine, leucine, threonine, 
at at least a 10-fold, 20-fold, 33-fold, 50-fold, 100-fold, 45 serine, alanine, valine or glycine. Preferably, F 19 F 20 is 
500-fold or 1000-fold molar excess compared to the con- substituted with T^T^ or G^I^. 

centration of the modulator. Other suitable amino acid substitutions include replace- 

Various additional aspects of the modulators of the ment of amino acids in the human peptide with the corre- 

invention, and the uses thereof, are described in further sponding amino acids of the rodent P-AP peptide. The three 

detail in the following subsections. 50 amino acid residues that differ between human and rat p-AP 

I. Modulator Compounds are at positions 5, 10 and 13 of the amino acid sequence 

In one embodiment, a modulator of the invention com- shown in SEQ ID NOs:l and 3. A human P-AP having the 

prises a p-arayloid peptide compound comprising the for- human to rodent substitutions Arg 5 to Gly, Tyr 10 to Phe and 

mula: His 13 to Arg has been shown to retain the properties of the 

55 human peptide (see Fraser, P. E. et al. (1992) Biochemistry 

(r Y K 31:10716-10723; and Hilbich, C. et al. (1991) Eur. J. 

(Xaa ' Biochem. 201:61-69). Accordingly, a human p-AP having 

rodent p-AP a. a. substitutions is suitable for use in a 

wherein Xaa is a p-amyloid peptide, A is a modulating group modulator of the invention. 

attached directly or indirectly to the p-amyloid peptide of the go Other possible P-AP amino acid substitutions are 

compound such that the compound inhibits aggregation of described in Hilbich, C. et al. (1991) J. Mol Biol 

natural P-amyloid peptides when contacted with the natural 218:149-163; and Hilbicb, C. (1992) 7. Mol Biol 

p-amyloid peptides, and n is an integer selected such that the 228:460-473. Moreover, amino acid substitutions that affect 

compound inhibits aggregation of natural P-amyloid pep- the ability of p-AP to associate with other proteins can be 

tides when contacted with the natural p -amyloid peptides. 65 introduced. For example, one or more amino acid substitu- 

Preferably, p-arayloid peplide of the compound has an tions that reduce the ability of P-AP to associate with the 

amino-lerminal amino acid residue corresponding to posi- serpin enzyme complex (SEC) receptor, 
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al-antichymotrypsin (ACT) and/or apolipoprotein E the invention, the modulating group is attached to the 

(ApoE) can be introduced. A preferred substitution for amino-terminus of the p-amyloid peptide of the modulator. 

reducing binding to the SEC receptor is L^M^ to A 34 A 35 Accordingly, the modulator can comprise a compound bav- 

(at positions 34 and 35 of I he amino acid sequences shown ing a formula: 

in SEQ ID NOs:l and 3). A preferred substitution for 5 

reducing binding to ACT is S 8 to A 8 (at position 8 of the H 

amino acid sequences shown in SEQ ID NOs:l and 3). A N (Xaa). 

Alternative to p-AP amino acid substitutions described 

herein or known iD the art, a modulator composed, at least Alternatively, in another embodiment of the invention, the 

in part, of an amino acid-substituted (5 amyloid peptide can io modulating group is attached to the carboxy-terminus of the 

be prepared by standard techniques and tested for the ability P-amyloid peptide of the modulator. Accordingly, the modu- 

to alter p-AP aggregation using an aggregation assay lator can com P rise a compound having a formula: 
described herein. To retain the properties of the original 

modulator, preferably conservative amino acid substitutions jj* 

arc made at one or more amino acid residues. A "conserva- 15 (Xaa)— c— A. 
tive amino acid substitution" is one in which the amino acid 

residue is replaced with an amino acid residue having a In ye , another cmboc , imenl; (he modulating group is 

simdar side chain. Families of amino ac.d residues having attached t0 the side chain of al ]eas , one amino add residue 

similar side chains have been defined in the art, including of Ibe f3- amy loid peptide of ihe compound (e.g., through Ibe 

bas.c side chains (e.g., lys.ne argimne, h^lidine), acidic 20 epsilon amino of , , , residue(s)> ih[0U X the 

s.de chams (e.g asparnc acd, glu.am.c ac.d), uncharged carboxyl gro of aQ a , ic acjd residue s) ' or a ,° amjc 

polar side chams (e.g. glycine asparag.ne, glutamioe, serine, acid res iclue(s), through a hydroxy group of a tyrosyl residue 

threonine, tyrosine, cysteine), nonpolar s,de chains (e.g., (s)> , serfae residue(s) of , , hreonjj)e resjdue(s) of 0)her 

alanine, valine, leucine, isoleucine proline phenylalanine, suita5]e reac(ive on aD amino >dd sj(Je chain) 

meth.onine, tryptophan), p-branched side chains (e.g., 25 ^ modulating group is selected such that the compound 

hreonine, valine isoleucine) and aromatic side chains (e.g., inhibits aggregaIjon of nalurill p. amy , oid wnen 

tyrosine phenylalanine, tryptophan, to.dine) Accordingly, conlacted with the nalural p. aray i oid r* p tides?AccordingIy, 

a modulator composed of a (3 amyloid pepl.de having an since the p.^ peplide of lhe co nd is modified from its 

amino acid sequence that * nmtated from that of the nalural staIe) lhe modulating group » A » as ^ herein is no , 

vvtld-type -sequence m APP-770 yet which st.Il retains the 30 tended to include hydrogen. In a preferred embodiment, 

.ability to-alteraiatural 0-AP. aggregation is withm the scope the rnodulating grou ^ a biotin compound of the formula: 
01 the invention. 

As used herein, the term "p amyloid peptide" is further 
intended to include peptide analogues or peptide derivatives 

or peptidomimetics that retain the ability to alter natural 35 
p-AP aggregation as described herein. For example, a p 
amyloid peptide of a modulator of the invention may be 
modified to increase its stability, bioavailability, solubility, 
etc. The terms "peptide analogue", "peplide derivative" and 

"peptidomimetic" as sued herein are intended to include 40 
molecules which mimic the chemical structure of a peptide 
and retain the functional properties of the peptide. 

Approaches to designing peptide analogs are known in the wherein X a -X 3 are each independently selected from the 

art. For example, see Farmer, P. S. in Drug Design (E. J. group consisting of S, O and NI^, wherein is hydrogen, 

Ariens, ed.) Academic Press, New York, 1980, vol. 10, pp. 45 or an aryl, lower alkyl, alkenyl or alkynyl moiety; W is O or 

119-143; Ball. J. B. and Alewood, P. F. (1990) J. Mol NR 2 ; Rj is a lower alkylenyl moiety and Y is a direct bond 

Recognition 3:55; Morgan, B. A. and Gainor, J. A. (1989) or a spacer molecule selected for its ability to react with a 

Ann. Rep. Med Chem. 24:243; and Freidinger, R. M. (1989) target group on a p-AP. At least one of Xj-X 3 is an NR. 

Trends Pharmacol Sci. 10:270. Examples of peptide group or W is an N(R„) 2 group. 

analogues, derivatives and peptidomimetics include pep- 50 The term "aryl" is intended to include aromatic moieties 

tides substituted wilh one or more benzodiazepine molecules containing substituted or unsubstituted ring(s), e.g., benzyl, 

(see e.g., James, G. L. et al. (1993) Science 260:1937-1942), naphtbyl, etc. Other more complex fused ring moieties also 

peptides with methylated amide linkages and Velro- are intended to be included. 

inverso" peptides (see U.S. Pat. No. 4,522,752 by Sisto). The term "lower alkyl or alkylenyl moiety" refers to a 

Peptide analogues, peptide derivatives and peptidomimetic 55 saturated, straight or branched chain (or combination 

are described in further detail below with regard to com- thereof) hydrocarbon containing 1 to about 6 carbon atoms, 

pounds comprising an Ap aggregation core domain. more preferably from 1 to 3 carbon atoms. The terms "lower 

In a modulator of the invention having the formula shown alkenyl moiety" and "lower alkynyl moiety" refer to unsat- 

abovc, a modulating group ("A") is attached directly or urated hydrocarbons containing I to about 6 carbon atoms, 

indirectly to the P-amyloid peplide of the modulator (As 60 more preferably j to 3 carbon atoms. Preferably, R. contains 

used herein, the terra "modulating group" and ''modifying 1 to 3 carbon atoms. Preferably, R 3 contains 4 carbon atoms, 

group" are used interchangeably to describe a chemical The spacer molecule (Y) can be, for example, a lower 

group directly or indirectly attached to an Ap derived alkyl group or a linker peplide, and is preferably selected for 

peptidic structure). For example, the modulating group can its ability to link with a free amino group (e.g., the u-ainiuo 

be directly attached by covalent coupling to the P-arayloid 65 group at the aaiino-tcrminus of a P-AP). Thus, in a preferred 

peptide or the modulating group can be attached indirectly embodiment, the biotin compound modifies the amino- 

by a stable non-covalent association. In one embodiment of terminus of a p-amyloid peptide. 
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Additional suitable modulating groups may include other 
cyclic and heterocyclic compounds and other compounds 
having similar steric "bulk''. Non-lirailing examples of 
compounds which can be used to modify a p-AP are shown 
schematically in FIG. 2, and include N-acetylneuraminic 5 
acid, cholic acid, lrans-4-cotininecarboxylic acid, 2-imino- 

1- imidazolidineaceiic acid, (S)-(-)-indoline-2-carboxylic 
acid, (-)-menthoxyacetic acid, 2-norbornaneacetic acid, 
Y-oxo-5-aceDaphthenebutyric acid, (-)-2-oxo-4- 
thiazolidinecarboxylic acid, lelrabydro-3-furoic acid, 30 

2- iminobiotin-N-hydroxysuccinimide ester, diethylenetri- 
aminepentaacetic dianhydridc, 4-rnorpholinecarbonyl 
chloride, 2-thiopheneacetyl chloride, 2-thiophenesulfonyl 
chloride, 5-(and 6-)-carboxy fluorescein (succinimidyl 
ester), fluorescein isothiocyanate, and acetic acid (or deriva- 15 
tives thereof). Suitable modulating groups are described 
further in subsection II below. 

In a modulator of the invention, a single modulating group 
may be attached to a P-amyloid peptide (e.g., n=l in the 
formula shown above) or multiple modulating groups may 20 
be attached to the peptide. The number of modulating groups 
is selected such that the compound inhibits aggregation of 
natural p-amyloid peptides when contacted with the natural 
p-amyloid peptides. However, n preferably is an integer 
between 1 and 60, more preferably between 1 and 30 and 25 
even more preferably between 1 and 10 or 1 and 5. 

In another embodiment, a p-amyloid modulator com- 
pound of the invention comprises an Ap aggregation core 
domain (abbreviated as ACD) coupled directly or indirectly 
to a modifying group such that the compound modulates the 30 
aggregation °r inhibits the neurotoxicity of natural 
p-amyloid peptides when contacted with the natural 
p-amyloid peptides. As used herein, an "Ap aggregation 
core domain"' is intended to refer to a structure that is 
modeled after a subregion of a natural p-amyloid peptide 35 
which is sufficient to modulate aggregation of natural p-APs 
when this subregion of the natural p-AP is appropriately 
modified as described herein (e.g., modified at the amino- 
lerminus). The term "subregion of a natural p-amyloid 
peptide"' is intended to include amino-terminal and/or 40 
carboxy-terminal deletions of natural p-AP. The term "sub- 
region of natural p-AP" is not intended to include full-length 
natural P-AP (i.e., "subregion" does not include AP^, 
Ap a -4o> APj. 41f Ap^ 2 and Ap 3 _ 43 ). 

Although not intending to be limited by mechanism, the 45 
ACD of the modulators of the invention is thought to confer 
a specific targeting function on the compound that allows the 
compound to recognize and specifically interact with natural 
p-AP. Preferably, the ACD is modeled after a subregion of 
natural p-AP that is less than 15 amino acids in length and 50 
more preferably is between 3-10 amino acids in length. In 
various embodiments, the ACD is modeled after a subregion 
of P-AP that is 1 0, 9, 8, 7, 6, 5, 4 or 3 amino acids in length. 
In one embodiment, the subregion of p-AP upon which the 
ACD is modeled is an internal or carboxy-terminal region of 55 
p-AP (i.e., downstream of the ammo-terminus at amino acid 
position 1). In another embodiment, the ACD is modeled 
after a subregion of p-AP that is hydrophobic. In certain 
specific embodiments, the term Ap aggregation core domain 
specifically excludes p-AP subregions corresponding to 60 
amino acid positions 1-15 (Ap, I5 ), 6-20 (AP 6 20 ) and 
16-40 (Ap ]6 ., 0 ). 

An Ap aggregation core domain can be comprised of 
amino acid residues linked by peptide bonds. That is, the 
ACD can be a peptide corresponding to a subregion of p-AP. 65 
Alternatively, an Ap aggregation core domain can be mod- 
eled after the natural Ap peptide region but may be com- 



prised of a peptide analogue, peptide derivative or peptido- 
miraetic compound, or other similar compounds which 
mimics the structure and function of the natural peptide. 
Accordingly, as used herein, an <l A|3 aggregation core 
domain" is intended to include peptides, peptide analogues, 
peptide derivatives and peptidornimelic compounds which, 
when appropriately modified, retain the aggregation modu- 
latory activity of the modified natural Ap peptide subregion. 
Such structures that are designed based upon the amino acid 
sequence are referred to herein as "Ap derived peptidic 
structures." Approaches to designing peptide analogues, 
derivatives and mimetics are known in the art. For example, 
see Farmer, P. S. in Drug Design (E. J. Ariens, ed.) Aca- 
demic Press, New York, 1980, vol. 10, pp. 119-143; Ball. J. 
B. and Alewood, P. F. (1990) J. Mol. Recognition 3:55; 
Morgan, B. A. and Gainor, J. A. (1989) Ann. Rep. Med 
Chem. 24:243; and Freidinger, R. M. (1989) Trends Phar- 
macol Set. 10:270. See also Sawyer, T. K. (1995) "Pepti- 
domimetic Design and Chemical Approaches to Peptide 
Metabolism" in Taylor, M. D. and Amidon, G. L. (eds.) 
Peptide-Based Drug Design: Controlling Transport and 
Metabolism, Chapter 17; Smith, A. B. 3rd, et al. (1995) /. 
Am. Chem. Soc. 117:11113-11123; Smith, A. B. 3rd, et al. 
(1994) J. Am. Chem. Soc. 116:9947-9962; and Hirschman, 
R., et al. (1993) /. Am, Chem. Soc. 115:12550-12568. 

As used herein, a "derivative" of a compound X (e.g., a 
peptide or amino acid) refers to a form of X in which one or 
more reaction groups on the compound have been deriva- 
tized with a substituent group. Examples of peptide deriva- 
tives include peptides in which ^.an3inoacid!side.chain,;the 
peptide backbone, or -the amino - >or .cajboxy-.terminus -has 
been deriva tized (e.g., peptidic compounds with methylated 
amide linkages). As used herein an "analogue*' of a com- 
pound X refers to a compound which retains chemical 
structures of X necessary for functional activity of X yet 
which also contains certain chemical structures which differ 
from X. An examples of an analogue of a naturally- 
occurring peptide is a peptides which includes one or more 
non-naturally-occurring amino acids. As used herein, a 
"mimetic" of a compound X refers to a compound in which 
chemical structures of X necessary for functional activity of 
X have been replaced with other chemical structures which 
mimic the conformation of X. Examples of peptidomimetics 
include peptidic compounds in which the peptide backbone 
is substituted with one or more benzodiazepine molecules 
(see e. g., James, G. L. et al. (1993) Science 260:1937-1942), 
peptides in which all L-amino acids are substituted with the 
corresponding D-amino acids and "retro-inverso" peptides 
(see U.S. Pat. No. 4,522,752 by Sisto), described further 
below. 

The term mimetic, and in particular, peptidomimetic, is 
intended to include isosteres. The terra "isoslere" as used 
herein is intended to include a chemical structure that can be 
substituted for a second chemical structure because the steric 
conformation of the first structure fits a binding site specific 
for the second structure. The term specifically includes 
peptide back-bone modifications (i.e., amide bond mimetics) 
well known to those skilled in the art. Such modifications 
include modifications of the amide nitrogen, the a-carbon, 
amide carbon yl, complete replacement of the amide bond, 
extensions, deletions or backbone crosslinks. Several pep- 
tide backbone modifications are known, including vj{Cl KS], 
i{>[CI I 2 NM], i|>[CSNH 2 ], i]»[NHCO], i|)[COCIl 2 ], and i|i[(E) 
or (Z) CH=CH]. In the nomenclature used above, i|> indi- 
cates the absence of an amide bond. The structure that 
replaces the amide group is specified within the brackets. 
Other examples of isosteres include peptides substituted 
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with one or more benzodiazepine molecules (see e.g.,. lames, One form of the p-aruy]oid modulator compound com- 

G. L. et al. (J 993) Science 260:1937-1942). prising an Ap aggregation core domain modeled after A(3 17 

Other possible modifications include an N-alkyl (or aryl) 20 coupled directly or indirectly to at least one modifying 

substitution (iJ>[CONR]), backbone crosslinking to construct group has the formula: 

lactams and other cyclic structures, substitution of all 5 ° 

D-amino acids for all L-amino acids within the compound A 

("inverso" compounds) or retro-inverso amino acid incor- (Y— x^ — Xaa 2 — Xaa 3 — Xaa 4 — zf 

poration (i|i[NHCO]). By "inverso" is meant replacing 

L-amino acids of a sequence with D-amino acids, and by wherein 

"retro-inverso" or "enanlio-retro" is meant reversing the 

sequence of the amino acids ("retro -1 ) and replacing the 30 Xaa i and Xaa 3 are amino acid structures; 

L-amino acids with D-amino acids. For example, if the Xaa 2 is a valine structure; 

parent peptide is Thr-Ala-Tyr, the retro modified form is Xaa 4 is a phenylalanine structure; 

Tyr-AIa-Tbr, the inverso form is thr-ala-tyr and the retro- Y, which may or may not be present, is a peptidic structure 

inverso form is tyr-ala-thr (lower case letters refer to havi the forn]uIa (Xaa) wherein Xaa is amin0 

D-amino acids). Compared to the parent peptide, a retro- « ^ ^ * ^ J 

inverso peptide has a reversed backbone while retaining _ 

substantially the original spatial conformation of the side Z, which may or may not be pre sent, is a peptidic structure 

chains, resulting in a retro-inverso isomer with a topology having the formula (Xaa) b , wherein Xaa is any amino 

that closely resembles the parent peptide. See Goodman et acid structure and b is an integer from 1 to 15; and 

al. "Perspectives in Peptide Chemistry" pp. 283-294 (1981). 20 A is a modifying group attached directly or indirectly to 

See also U.S. Pat. No. 4,522,752 by Sisto for further the compound and n is an integer, 

description of "retro-inverso" peptides. Xaa a , Xaa 3 , Y, Z, A and n being selected such that the 

Other derivatives of the modulator compounds of the compound modulates the aggregation or inhibits the 

invention include C-terminal hydroxymethyl derivatives, neurotoxicity of natural P-amyloid peptides when con- 

O-modified derivatives (e.g., C-terminal hydroxymethyl 25 tacted with the natural P-amyloid peptides, 

benzyl ether), N-terminally modified derivatives including Preferably, a modulator compound of the above formula 

substituted amides such as alkylamides and hydrazides and inhibits aggregation of natural p-amyloid peptides when 

compounds in which a C-terminal phenylalanine residue is contacted with the natural P-amyloid peptides and/or inhib- 

replaced with a phenethylamide analogue (e.g., Val-Phe- its Ap neurotoxicity. Alternatively, the modulator compound 

phenethylamide .as .an .analogue .of ;the itripeptade Mal-iSae- 30 .can ^promote aggregation of natural p.amyloid peptides 

p °e). when ^contacted with the natural p-amyloid peptides. The 

In a preferred embodiment, the ACD of the modulator is type and number of modifying groups ("A") coupled to the 

modeled after the subregion of P-AP encompassing amino modulator are selected such that the compound alters (and 

acid positions 17-20 (i.e., Leu-Val-Phe-Phe; SEQ ID preferably inhibits) aggregation of natural P-amyloid pep- 

NO:12). As described further in Examples 7, 8 and 9, 35 tides when contacted with the natural p-amyloid peptides. A 

peptide subregions of Ap.,_ 40 were prepared, amino- single modifying group can be coupled to the modulator 

terminally modified and evaluated for their ability to modu- (i.e., n=l in the above formula) or, alternatively, multiple 

late aggregation of natural p-amyloid peptides. One subre- modifying groups can be coupled to the modulator. In 

gion that was effective at inhibiting aggregation was AP ? _ 20 various embodiments, n is an integer between 1 and 60, 

(i.e., amino acid residues 6-20 ofthe natural APj^o peptide, 40 between 1 and 30, between 1 and 10, between 1 and 5 or 

the amino acid sequence of which is shown in SEQ ID between 1 and 3. Suitable types of modifying groups are 

NO:4). Amino acid residues were serially deleted from the described further in subsection IE below, 

araino-terminus or carboxy terminus of this subregion to As demonstrated in Example 9, amino acid positions 18 

further delineate a minimal subregion that was sufficient for (Val ja ) and 20 (Phe 20 ) of Ap j7 . 20 (corresponding to Xaa 2 

aggregation inhibitory activity. This process defined Ap i7 _ 20 45 and Xaa 4 ) are particularly important within the core domain 

(i.e., amino acid residues 17-20 of the natural AP^q for inhibitory activity of the modulator compound, 

peptide) as a minimal subregion that, when appropriately Accordingly, these positions are conserved within the core 

modified, is sufficient for aggregation inhibitory activity. domain in the formula shown above. The terms "valine 

Accordingly, an "Ap aggregation core domain" within a structure'-* and "phenylalanine structure" as used in the 

modulator compound of the invention can be modeled after 50 above formula are intended to include the natural amino 

A Pi7_2o- In one embodiment, the Ap aggregation core acids, as well as non-naturally-occurring analogues, dcriva- 

domain comprises AP J7 _ 20 itself (i.e., a peptide comprising tives and roimctics of valine and phenylalanine, respectively, 

the amino acid sequence leucine-valiiie-phenylaianine- (including D-amino acids) which maintain the functional 

phenylalanine; SEQ ID NO:12). In other embodiments, the activity of the compound. Moreover, although Vai JS and 

structure of Ap a7 _~ 0 is used as a model to design an AP 55 Phe 20 have an important functional role, it is possible that 

aggregation core domain having similar structure and func- Xaa 2 and/or Xaa 4 can be substituted with other naturally- 

tion to Ap J7 . 20 . For example, peptidomimctics, derivatives occurring amino acids that are structurally related to valine 

or analogues of Ap 17 . 20 (as described above) can be used as or phenylalanine, respectively, while still maintaining the 

an Ap aggregation core domain. In addition to Ap 37 . 20 , the activity of the compound. Thus, the terms "valine structure" 

natural Ap peptide is likely to contain other minimal sub- 60 is intended to include conservative amino acid substitutions 

regions that are sufficient for aggregation inhibitory activity. that retain the activity of valine at Xaa 2 , and the term 

Such additional minimal subregions can be identified by the "phenylalanine structure" is intended to include conscrvn- 

proccsses described in Examples 7, 8 and 9, wherein a 15 tive amino acid substitutions that retain the activity of 

mer subregion of APj. 40 is serially deleted from the amino- phenylalanine at Xaa 4 . However, the term "valine structure" 

terminus or carboxy terminus, the deleted peptides are 65 is not intended to include threonine, 

appropriately modified and then evaluated for aggregation In contrast to positions 18 and 20 of Ap j7 . 20 , a Phe to Ala 

inhibitory activity. substitution at position J9 (corresponding to" Xaa-) did not 
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abolish Ihc activity of the modulator, indicating position 19 
may be more amenable to amino acid substitution. In various 
embodiments of the above formula, positions Xaa., and Xaa 3 
are any amino acid structure. The term "amino acid struc- 
ture'" is intended to include natural and non-natural amino 5 
acids as well as analogues, derivatives and rnimeiics thereof, 
including D-amino acids. In a preferred embodiment of the 
above formula, Xaaj is a leucine structure and Xaa 3 is a 
phenylalanine structure (i.e., modeled after Leu J7 and Phe J9 , 
respectively, in the natural Ap peptide sequence). The term 30 
"leucine structure" is used in the same manner as valine 
structure and phenylalanine structure described above. 
Alternatively, an another embodiment, Xaa 3 is an alanine 
structure. 

The four amino acid structure ACD of the modulator of 15 
the above formula can be flanked at the amino-terroinal side, 
carboxy- terminal side, or both, by peptidic structures 
derived either from the natural Ap peptide sequence or from 
non-Ap sequences. The term "peptidic structure*' is intended 
to include peptide analogues, derivatives and mimetics 20 
thereof, as described above. The peptidic structure is com- 
posed of one or more linked amino acid structures, the type 
and number of which in the above formula are variable. For 
example, in one embodiment, no additional amino acid 
structures flank the Xaa 1 -Xaa 2 -Xaa 3 -Xaa 4 core sequence 25 
(i.e., Y and Z are absent in the above formula). In another 
embodiment, one or more additional amino acid structures 
flank only the amino-terminus of the core sequences (i.e., Y 
is present but Z is absent in the above formula). In yet 
^another ^embodiment, <©ne >or more .additional amino ^acid 30 
structures flank only ihe *carboxy-tenniiius of the <core 
sequences (i.e., Z is present but Y is absent in the above 
formula). The length of flanking Z or Y sequences also is 
variable. For example, in one embodiment, a and b are 
integers from 1 to 15. More preferably, a and b are integers 35 
between 1 and 10. Even more preferably, a and b arc integers 
between 1 and 5. Most preferably, a and b are integers 
between 1 and 3. 

One form of the p -amyloid modulator compound com- 
prising an Ap aggregation core domain modeled after Ap 17 _ 40 
20 coupled directly or indirectly to at least one modifying 
group has the formula: 

A-(Y)-Xaa ,-Xaa 2 -Xaa 3 -Xaa4- (Z)-B 

wherein 45 

Xaaj and Xaa 3 are amino acids or amino acid mimetics; 

Xaa 2 is valine or a valine mimetic 

Xaa 4 is phenylalanine or a phenylalanine mimetic; 

Y, which may or may not be present, is a peptide or 50 
peptidomimetic having the formula (Xaa)„, wherein 
Xaa is any amino acid or amino acid mimetic and a is 
an integer from 1 to J 5; 

Z, which may or may not be present, is a peptide or 
peptidomimetic having the formula (Xaa),,, wherein 55 
Xaa is any amino acid or amino acid mimetic and b is 
an integer from 1 to 15; and 

A and B, at least one of which is present, are modifying 
groups attached directly or indirectly to the amino 
terminus and carboxy terminus, respectively, of the 60 
compound; 

Xaaj, Xaa 3 , Y, Z, A and B being selected such that the 
compound modulates the aggregation or inhibits the neuro- 
toxicity of natural p-amyloid peptides when contacted with 
the natural P-amyloid peptides. 65 

In this embodiment, the modulator compound is specifi- 
cally modified at either its ainino-tcrminus, its carboxy- 
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terminus, or both. The terminology used in this formula is 
the same as described above. Suitable modifying groups are 
described in subsection II below. In one embodiment, the 
compound is modified only at its amino terminus (i.e., B is 
absent and the compound comprises the formula: A-(Y)- 
Xaaj,-Xaa 2 -Xaa 3 -Xaa 4 -(Z)). In another embodiment, the 
compound is modified only at its carboxy-terminus (i.e., A 
is absent and the compound comprises the formula: (Y)- 
Xaa 1 -Xaa 2 -Xaa 3 -Xaa 4 -(Z)-B). In yet another embodiment, 
the compound is modified at both its amino- and carboxy 
termini (i.e., the compound comprises the formula: A-(Y)- 
Xaaj-Xaaj-Xaa^Xaa^ZJ-B and both A and B are present). 
As described above, the type and number of amino acid 
structures which flank the Xaa 1 -Xaa 2 -Xaa 3 -Xaa 4 core 
sequences in the above formula is variable. For example, in 
one embodiment, a and b are integers from 1 to 15. More 
preferably, a and b are integers between 1 and 10. Even more 
preferably, a and b are integers between 1 and 5. Most 
preferably, a and b are integers between 1 and 3. 

As demonstrated in Examples 7, 8 and 9, preferred Ap 
modulator compounds of the invention comprise modified 
forms of AP 34 . 21 (His-Gln-Lys-Leu-Val-Phe-Phe-Ala; SEQ 
ID NO:5), or amino-terminal or carboxy-terminal deletions 
thereof, with a preferred "minimal core region" comprising 
Ap J7 . 20 . Accordingly, in specific embodiments, the inven- 
tion provides compounds comprising the formula: 

A-Xaaj-Xaaj-Xaa^-Xaa^-Xaaj-Xaag-Xaaj-Xaag-B 

wherein 

Xaal is a histidine structure; 
Xaa2 is a glutamine structure; 
Xaa 3 is a lysine structure; 
Xaa4 is a leucine structure; 
Xaa5 is a valine structure; 
Xaa6 is a phenylalanine structure; 
Xaa7 is a phenylalanine structure; 
Xaa8 is an alanine structure; 

A and B are modifying groups attached directly or indi- 
rectly to the amino terminus and carboxy terminus, 
respectively, of the compound; 
and wherein Xaa 1 -Xaa 2 -Xaa 3 , Xaa 1 -Xaa 2 or Xaa., may or 
may not be present; 

Xaa 8 may or may not be present; and 

at least one of A and B is present. 

In one specific embodiment, the compound comprises the 
formula: A-Xaa 4 -Xaa 5 -Xaa 6 -Xaa 7 -B (e.g, a modified form 
of Ap 17 20 , comprising an amino acid sequence Leu-Val- 
Phe-Phe; SEQ ID NO:12). 

In another specific embodiment, the compound comprises 
the formula: A-Xaa 4 -Xaa 5 -Xaa 6 -Xaa 7 -Xaa 8 -B (e.g, a modi- 
fied form of Ap 17 . 2l , comprising an amino acid sequence 
Uu-Val-Phc-Phe-Ala; SEQ ID NO:il). 

In another specific embodiment, the compound comprises 
the formula: A-Xaa 3 -Xaa 4 -Xaa 5 -Xaa 6 -Xaa 7 -B (e.g., a modi- 
fied form of Ap J6 _^ 0 , comprising an amino acid sequence 
Lys-Leu-Val-Phe-Phe; SEQ ID NO: 10). 

In another specific embodiment, the compound comprises 
the formula: A-Xaa- r Xaa,,-Xaa 5 -Xaa 6 -Xaa 7 -Xna { .-B (e.g., a 
modified form of Ap Jt ^j, comprising an amino acid 
sequence Lys-Lcu-Val-Phe"-Phe-Ala; SEQ ID NO:9). 

In another specific embodiment, the compound comprises 
the formula: A-Xaa 2 -Xaa 3 -Xaa, r Xaa s -Xaa 6 -Xaa 7 -B (e.g., a 
modified form of Ap 1V20 , comprising an amino acid 
sequence Gm-Lys-Leu-Vaf-Phe-Phc; SEQ ID NO:8). 

In another specific embodiment, the compound comprises 
the formula: A-Xaa 2 -Xaa 3 -Xaa 4 -Xaa 5 -Xaa 6 -Xaa 7 -Xaa s -B 
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(e.g., a modified form of Ap J5 . :il comprising an acid 
sequence Gb-Lys-Leu-Val-Phe-Phe-Ala; SEQ ID NO:7). 

In anol her specific embodimenl, ihc compound comprises 
the formula: A-Xaa 1 -Xaa 2 -Xaa 3 -Xaa, r Xaa 5 -Xaa (r Xaa 7 -B 
(e.g., a modified form of Ap ]4 _ 20 , comprising an amino acid 
sequence His-Gln-Lys-Uu-Vaf-Phe-Phc; SEQ ID NO:6). 

In anol her specific embodiment, the compound comprises 
the formula: A-Xaaj-Xaa^Xaag-Xaaj-Xaa^-Xaag-Xaay- 



20 

Thus, in another embodimenl, the invention provides a 
p-amyloid modulator compound comprising a formula: 



(Y— Xaai— Xaa 2 — Xaa?— %f 



A, 



Xaa s -B (e.g., a modified form of Ap 3iJ . 21 , comprising an 
amino acid sequence His-Gln-Lys-Lxu-Val-Pbe-Phe-Ala; 10 
SEQ ID NO:5). 

In preferred embodiments of the aforementioned specific 
embodiments, A or B is a cholanoyl structure or a biotin- 
containing structure (described further in subsection II 
below). 35 

In further experiments to delineate subregions of Ap upon 
which an Ap aggregation core domain can be modeled (the 
results of which are described in Example II), it was 
demonstrated that a modulator compound having inhibitory 
activity can comprise as few as three Ap amino acids 20 
residues (e.g., Val-Phe-Phe, which corresponds to AP 8 _ 20 or 
Pbe-Phe-Ala, which corresponds to Ap 1P _ 2a ). The results 
also demonstrated that a modulator compound having a 
modulating group at its carboxy-terminus is effective at 
inhibiting Ap aggregation. Still farther, the results demon- 25 
strated that the cholyl group, as a modulating group, can be 
manipulated while maintaining the inhibitory activity of the 
compounds and that an iodotyrosyl can be substituted for 
phenylalanine (e.g., at position 19 or 20 of theAp sequence) 
while maintaining the -ability of the compound to inhibit AP 30 
aggregation. 

Still further, the results demonstrated that compounds 
with inhibitory activity can be created using amino acids 
residues that are derived from theAp sequence in the region 
of about positions 17-21 but wherein the amino acid 35 
sequence is rearranged or has a substitution with a non-Ap- 
derived amino acid. Examples of such compounds include 
PPI-426, in which the sequence of Ap i7 . 21 (LVFFA SEQ ID 
NO:ll) has been rearranged (FFVLA SEQ ID NO:21), 
PPI-372, in which the sequence of AP 16 _ 20 (KLVFF SEQ ID 40 
NO:I0) has been rearranged (FKFVL SEQ ID NO:29), and 
PPI-388, -389 and -390, in which the sequence of Afi 17 _ 21 
(LVFFA SEQ ID NO:ll) has been substituted at position 17, 
18 or 19, respectively, with an alanine residue (AVFFA SEQ 
ID NO:25 for PPI-388, LAFFASEQ ID NO: 13 for PPI-389 45 
and LVAFA SEQ ID NO:33 for PPI-390). The inhibitory 
activity of these compounds indicate that the presence in the 
compound of an amino acid sequence directly corresponding 
to a portion of AP is not essential for inhibitory activity, but 
rather suggests that maintenance of the hydrophobic nature 50 
of this core region, by inclusion of amino acid residues such 
as phenylalanine, valine, leucine, regardless of their precise 
order, can be 'sufficient for inhibition of Ap aggregation. 
Accordingly, an Ap aggregation core domain can be 
designed based on the direct Ap amino acid sequence or can 55 
be designed based on a rearranged Ap sequence which 
maintains the hydrophobicily of the Ap subregion, e.g., the 
region around positions 17-20. This region of Ap contains 
the amino acid residues Leu, Val and Phe. Accordingly, 
preferred Ap aggregation core domains arc composed of at 60 
least three amino acid structures (as that terra is defined 
hereinbefore, including amino acid derivatives, analogues 
and raimetics), wherein at least two of the amino acid 
structures arc, independently, cither a leucine structure, a 
valine structure or a phenylalanine structure (as those terms 65 
are defined hereinbefore, including derivatives, analogues 
and mimetics). 



wherein Xaa.,, Xaa 2 and Xaa 3 are each amino acid structures 
and at least two of Xaa 1? Xaa 2 and Xaa 3 are, independently, 
selected from the group consisting of a leucine structure, a 
phenylalanine structure and a valine structure; 

Y, which may or may not be present, is a peptidic structure 
having the formula (Xaa),,, wherein Xaa is any amino 
acid structure and a is an integer from 1 to 15; 
Z, which may or may not be present, is a peptidic structure 
having the formula (Xaa) fr , wherein Xaa is any amino 
acid structure and b is an integer from 1 to 15; and 
A is a modifying group attached directly or indirectly to 
the compound and n is an integer; 
Xaa 3 , Xaa 2 , Xaa 3 , Y, Z, A and n being selected such that the 
compound modulates the aggregation or inhibits the neuro- 
toxicity of natural p-amyloid peptides when contacted with 
the natural p-amyloid peptides. 

Preferably, the compound inhibits aggregation of natural 
p-amyloid peptides when contacted with the natural 
p-amyloid peptides. In preferred embodiments, Xaa 3 and 
Xaa 2 are each phenylalanine structures or Xaa 2 and Xaa 3 are 
each phenylalanine structures, "n" can be, for example, an 
integer between 1 and 5, whereas "a* 5 and "b" can be, for 
example, integers between 1 and 5. The modifying group 
"A** preferably comprises .a cyclic, heterocyclic orrpolycy- 
clic group. More preferably, A contains a 'cis-decalin group, 
such as cholanoyl structure or a cholyl group. In other 
embodiments, A can comprise a bio tin-containing group, a 
diethylene-triaminepentaacetyl group, a (-)-menthoxyacetyl 
group, a fiuorescein-containing group or an 
N-acetylneuraminyl group. In yet other embodiments, the 
compound may promotes aggregation of natural p-amyloid 
peptides when contacted with the natural p-amyloid 
peptides, may be further modified to alter a pharmacokinetic 
property of the compound or may be further modified to 
label the compound with a detectable substance. 

In another embodiment, the invention provides a 
p-amyloid modulator compound comprising a formula: 

A-Q0-Xaa j -X aa r Xaa r (Z)-B 

wherein Xaa : , Xaa2 and Xaa 3 are each amino acid structures 
and at least two of Xaa^ Xaa 2 and Xaa 3 are, independently, 
selected from the group consisting of a leucine structure, a 
phenylalanine structure and a valine structure; 

Y, which may or may not be present, is a peptidic structure 
having the formula (Xaa) f/ , wherein Xaa is any amiuo 
acid structure and a is an inlcger from I to 15; 
Z, which may or may not be present, is a peptidic structure 
having the formula (Xaa),,, wherein Xaa is any amino 
acid structure and b is an integer from 1 to 15; and 
A and B, at least one of which is present, are modifying 
groups attached directly or indirectly to the amino 
terminus and carboxy terminus, respectively, of the 
compound; 

Xaa 3 , Xaa 2 , Xaa 3 , Y, Z, A and B being selected such that 
the compound modulates the aggregation or inhibits the 
neurotoxicity of natural p-amyloid peptides when con- 
tacted with the natural p-amyloid peptides. 
Preferably, the compound inhibits aggregation of natural 
p-amyloid peptides when contacted with the natural 
p-amyloid peptides. In preferred embodiments, Xaa, and 
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Xaa- are each phenylalanine structures or Xaa 2 and Xaa 3 are coupling), as well as those that are indirectly attached to the 

each phenylalanine structures. In one subembodiment, the peptidic structure (e.g., by a stable non-covalent association 

compound comprises the formula: or by covalent coupling to additional amino acid residues, or 

mimetics, analogues or derivatives thereof, which may Hank 

A-OO-Xaaj-Xan^Xaa^z) 5 the A|3-derived peptidic structure). For example, the modi- 
fying g r o u P can be coupled to the amino-lcrminus or 

In another subembodiment, the compound comprises the carboxy-termimis of an A(3-derived peptidic structure, or to 

formula: a peptidic or peptidomimelic region flankiag the core 

domain. Alternatively, the modifying group can be coupled 

(Y>Xaa r Xaa 2 -Xaa 3 -(Z)-B to fl s j ( j e chain of a( one aci( j res j cJue Q f an 

"n" can be, for example, an integer between 1 and 5, whereas Arrived peptidic structure, or to a peptidic or peptido- 

«a" and «b" can be, for example, integers between 1 and 5. m ™ tUC regI0D flank >ng the core domam (e.g., through the 

™ . «*« r ii • i* epsiJon amino group of. a lysyl residue(s), through the 

TTie modifying group A" preferably comprises a cyclic, carb , £ J tic \' id residue ^ or a gl ° tamic 

heterocyclic or polycychc group. More preferably, A con- add rcsklue(s)y through a h d of a tyrosyl residue 

tains a cis-decahn group, such as cholanoyl structure or a as (s)> a serine residue ( s ) or a threonine residue(s) or other 

cholyl group In other embodiments, A can comprise a suitable reactive group on an amino acid side chain). Modi- 

biotin-containing group, a diethylene-triaminepentaacetyl fying groups covalently coupled to the peptidic structure can 

group, a (-)-menthoxyacetyl group, a fluorescein -containing be attached by means and using methods well known in the 

group or an N-acetylneuraminyl group. In yet other art for linking chemical structures, including, for example, 

embodiments, the compound may promote aggregation of 20 amide, alkylamino, carbamate or urea bonds, 

natural (3-amyloid peptides when contacted with the natural The term "modifying group" is intended to include groups 

(3-arayloid peptides, may be further modified to alter a that are not naturally coupled to natural A(3 peptides in their 

pharmacokinetic property of the compound or may be native form. Accordingly, the term "modifying group" is not 

further modified to label the compound with a detectable intended to include hydrogen. The modifying group(s) is 

substance. 25 selected such that the modulator compound alters, and 

In preferred specific embodiments, the invention provides preferably inhibits, aggregation of natural (3-amyloid pep- 

a (3-amyloid modulator compound comprising a modifying tides when contacted with the natural [3-amyloid peptides or 

group attached directly or indirectly to a peptidic structure, inhibits the neurotoxicity of natural (3-amyloid peptides 

wherein the peptidic structure comprises amino acid struc- when contacted with the natural (3-amyloid peptides, 

lures having an amino acid sequence selected iromthe^roup .30 Although mo\ intending to be limited by mechanism, the 

consisting of His-Gm-Lys-Leu-Val-Phe-Phe-AIa (SEQ ID modifying group(s) of the modulator compounds of the 

NO:5), His-Gln-Lys-Leu-Val-Phe-Phe (SEQ ID NO:6), Gin- invention is thought to function as a key pharmacophore 

Lys-Leu-Val-Phe-Phe-Ala (SEQ ID NO:7), Gln-Lys-Leu- which is important for conferring on the modulator the 

Val-Phe-Phe (SEQ ID NO:8), Lys-Leu-Val-Phe-Phe-AJa ability to disrupt A|3 polymerization. 

(SEQ ID NO:9), Lys-Leu-Val-Phe-Phe (SEQ ID NO:10), 35 In a preferred embodiment, the modifying group(s) com- 

Leu-Val-Phe-Phe-Ala (SEQ ID NO: 11), Leu -Val-Phe-Phe prises a cyclic, heterocyclic or polycyclic group. The term 

(SEQ ID NO: 12), Leu-Ala-Phe-Phe-Ala (SEQ ID NO: 13), "cyclic group \ as used herein, is intended to include cyclic 

Val-Phe-Phe (SEQ ID NO: 19), Pbe-Phe-Ala (SEQ ID saturated or unsaturated (i.e., aromatic) group having from 

NO:20), Phe-Phe-Val-Leu-Ala (SEQ ID NO:21), Leu-Val- about 3 to 10, preferably about 4 to 8, and more preferably 

Phe-Phe-Lys (SEQ ID NO: 22), Leu-Val-Iodotyrosine-Phe- 40 about 5 to 7, carbon atoms. Exemplary cyclic groups include 

Ala (SEQ ID NO:23), Val-Phe-Phe-Ala (SEQ ID NO:24), cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, and 

Ala-Val-Phe-Phe-Ala (SEQ ID NO:25), Leu-Val-Phe- cyclooctyl. Cyclic groups may be unsubstituted or substi- 

Iodotyrosine-Ala (SEQ ID NO:26), Leu-Val-Pbe-Phe-Ala- tuted at one or more ring positions. Thus, a cyclic group may 

Glu (SEQ ID NO:27), Phe-Phe-Val-Leu (SEQ ID NO:28), be substituted with, e.g., halogens, alkyls, cycloalkyls, 

Pbe-Lys-Phe-Val-Leu (SEQ ID NO: 29), Lys-Leu-Val-Ala- 45 alkenyls, alkynyls, aryls, heterocycles, hydroxyls, aminos, 

Phe (SEQ ID NO:30), Lys-Leu-Val-Phe-Phe-PAla (SEQ ID nitros, thiols amines, imines, amides, phosphonates, 

NO:31) and Leu-Val-Phe-Phe-DAla (SEQ ID NO:32). phosphines, carbonyls, carboxyls, silyls, ethers, thiocthers, 

These specific compounds can be further modified to alter sulfonyls, sulfonates, selenoethers, ketones, aldehydes, 

a pharmacokinetic property of the compound and/or further esters, — CF 3 , — CN, or the like. 

modified to label the compound with a detectable substance. 50 The term "heterocyclic group" is intended to include 

The modulator compounds of the invention can be incor- cyclic saturated or unsaturated (i.e., aromatic) group having 

porated into pharma cent ical compositions (described further from about 3 to 10, preferably about 4 to 8, and more 

in subsection V below) and can bu used in detection ami preferably about 5 to 7, carbon atoms, wherein the ring 

treatment methods as described further in subsection VI structure includes about one to four heteroatoms. Ileterocy- 

below. 55 clic groups include pyrrolidine, oxolane, thiolane, 

II. Modifying Groups imidazole, oxazole, piperidine, piperazine, morpholine. The 

Within a modulator compound of the invention, a peptidic heterocyclic ring can be substituted at one or more positions 

structure (such as an A(3 derived peptide, or an A[3 aggre- with such substituents as, for example, halogens, alkyls, 

gation core domain, or an amino acid sequence correspond- cycloalkyls, alkenyls, alkynyls, aryls, other heterocycles, 

ing to a rearranged A(3 aggregation core domain) is coupled 60 hydroxy 1, amino, nilro, thiol, amines, imines, amides, 

directly or indirectly to at least one modifying group phosphonates, phosphines, carbonyls, carboxyls, silyls, 

(abbreviated as MG). In one embodiment, a modulator ethers, thioethers, sulfonyls, selenoethers, ketones, 

compounds of the invention comprising an aggregation core aldehydes, esters, — CF~, — CN, or the like. Heterocycles 

domain coupled to a modifying group, the compound can be may also be bridged or fused to other cyclic groups as 

illustrated schematically as MG-ACD. The term "modifying 65 described below. 

group" is intended to include structures that are directly The term "polycyclic group* 1 as used herein is intended to 

attached to the peptidic structure (e.g., by covalent refer to two or more saturated or unsaturated (i.e., aromatic) 



5,854,204 

23 24 

cyclic rings in which two or more carbons are common lo modifying group(s) can comprise an N-acetylneuraminyl 
iwo adjoining rings, e.g., the rings are "fused rings". Rings group, a irans-4-colininecarboxyI group, a 2-imino-l- 

Ihat are joined through non-adjacent atoms are termed imidazolidineacelyl group, an (S)-(-)-indolinc-2-carboxyl 

"bridged" rings. Each of the rin&s of the polycyclic group group, a (-)-menthoxyacclyl group, a 2-norbornaneacetyl 

can be substituted with such substituents as described above, 5 group, a y-oxo-5-acenaphthenebutyryl, a (-)-2-oxo-4- 

as for example, halogens, alkyls, cycloalkyls, alkenyls, thiazolidinecarboxyl group, a tetrahydro-3-furoyl group, a 

alkynyls, hydroxy], amino, nitro, thiol, amines, imines, 2-irainobiolinyl group, a diethylenelriaminepentaaceiyl 

amides, phosphonates, phospbines, carbonyls, carboxyls, &roup, a 4-morpholinecarboDyl group, a 2-lhiopheneacetyl 

silyls, ethers, thioethers, sulfonyls, selenoetbers, ketones, 3 ro 0 u P or a 2-thiophenesulfooyl group, 

aldehydes, esters, _CF„ -CN, or the like. 10 , modl f vl "S S r0 f U P s t indud fl e &™P? compnang 

A f i , , ■ , • * cholyl structures, biotinyl structures, fluoresce in -containing 

A preferred polycyc lie group is a group containing a y a die(hyIeD e-triamine P entaacetyl gr0 u P , a (-)- 

cis-decahn structure. Although not intending to be limited mentho acet , and a N _ ace i y Ineuraminyl group, 

by mechanism, u is thought that the bent conformation More ferfed modif m 0 those corapris in g a cholyl 

conferred on a moditymg group by the presence of a slructure or aD immiobiotinyl group, 

cis-decahn structure contributes to the efficacy of the modi- 15 i n addition to the cyclic, heterocyclic and polycyclic 

fying group in disrupting A0 polymerization. Accordingly, groups discussed above,. other types of modifying groups 

other structures which mimic the "bent ;! configuration of the can be used in a modulator of the invention. For example, 

cis-decalin structure can also be used as modifying groups. small hydrophobic groups may be suitable modifying 

An example of a cis-decalin containing structure that can be groups. An example of a suitable non-cyclic modifying 

used as a modifying group is a cholanoyl structure, such as 20 group is an acetyl group. 

a cholyl group. For example, a modulator compound can be Yet another type of modifying group is a compound that 

modified at its amino terminus with a cholyl group by contains a non -natural amino acid that acts as a beta-turn 

reacting the aggregation core domain with cholic acid, a bile mimetic, such as a dibenzofuran-based amino acid described 

acid, as described in Example 4 (the structure of cholic acid in Tsang, K. Y. et ah (1994) J. Am. Chem. Soc. 

is illustrated in FIG. 2). Moreover, a modulator compound 25 116:3988^005; Diaz, H. and Kelly, J. W. (1991) Tetrahe- 

can be modified at its carboxy terminus with a cholyl group dron Letters 41:5725-5728; and Diaz, H. et al. (1992) J. Am. 

according to methods known in the art (see e.g., Wess, G. et Chem. Soc. 114:8316-8318. An example of such a modify- 

al. (1993) Tetrahedron Letters, 34:817-822; Wess, G. et al. ing group is a peptide-aminoethyldibenzofuranyl-proprionic 

(1992) Tetrahedron Letters 33:195-198; and Kramer, W. et acid (Adp) group (e.g., DDIIL-Adp; SEQ ID NO:34). This 

-al. (19.92) J. Biol. Chem.267:18598-l 8604). Cholyl deriva- 30 type of modifying group further can comprise one or more 

;tives:and analogues .can .also be used as modifying groups. N-methyl peptide bonds to introduce additional steric hin- 

For example, a preferred cholyl derivative is Aic (3-(0- drance to the aggregation of natural p-AP when compounds 

aminoethyl-iso)-cholyl), which has a free amino group that of this type interact with natural p-AP. 

can be used to further modify the modulator compound (e.g., HI. Additional Chemical Modifications of Ap Modulators 

a chelation group for " m Tc can be introduced through the 35 Ap-amyloid modulator compound of the invention can be 

free amino group of Aic). As used herein, the term "chol- further modified to alter the specific properties of the com- 

anoyl structure" is intended to include the cholyl group and pound while retaining the ability of the compound to alter 

derivatives and analogues thereof, in particular those which Ap aggregation and inhibit Ap neurotoxicily. For example, 

retain a four-ring cis-decalin configuration. Examples of in one embodiment, the compound is further modified to 

cholanoyl structures include groups derived from other bile 40 alter a pharmacokinetic property of the compound, such as 

acids, such as deoxycholic acid, Iithocholic acid, ursode- in vivo stability or half-life. In another embodiment, the 

oxycholic acid, chenodeoxycholic acid and hyodeoxycholic compound is further modified to label the compound with a 

acid, as well as other related structures such ascholanic acid, detectable substance. In yet another embodiment, the com- 

bufalin and resibufogenin (although the latter two com- pound is further modified to couple the compound to an 

pounds are not preferred for use as a modifying group). 45 additional therapeutic moiety. Schematically, a modulator of 

Another example of a cis-decalin containing compound is the invention comprising an Ap aggregation core domain 

5p-cholestan-3a-ol (the cis-decalin isomer of (+)- coupled directly or indirectly to at least one modifying group 

dihydrocholesterol). For further description of bile acid and can be illustrated as MG-ACD, whereas this compound 

steroid structure and nomenclature, see Nes, W. R. and which has been further modified to alter the properties of the 

McKean, M. L. Biochemistry of Steroids and Other 50 modulator can be illustrated as MG-ACD- CM, wherein CM 

Isopentartoids, University Park Press, Baltimore, Md., represents an additional chemical modification. 

Chapter 2. To further chemically modify the compound, such as lo 

In addition to cis-decalin conlaiuing groups, other poly- alter the pbarmaeokinelic properties of I he compound, roae- 

cyclic groups may be used as modifying groups. For live groups can be derivatized. For example, when the 

example, modifying groups derived from steroids or 55 modifying group is attached to the amino-terminal end of the 

p-laclams may be suitable modifying groups. Moreover, aggregation core domain, the carboxy-terminal end of the 

non-limiting examples of some additional cyclic, hetcrocy- compound can be further modified. Preferred C-terminal 

clic or polycyclic compounds which can be used to modify modifications include those which reduce the ability of the 

a nAp -derived pcplidic structure are shown schematically in compound lo act as a substrate for carboxypeplidases. 

FIG. 2. In one embodiment, ihe modifying group is a 60 Examples of preferred C-terminal modifiers include an 

"biotinyl structure", which includes biotinyl groups and amide group, an cthylamide group and various non-natural 

analogues and derivatives thereof (such as a 2-iminobiotinyl amino acids, such as D-amino acids and p-alaninc. 

group). In another embodiment, (he modifying group can Alternatively, when the modifying group is al inched lo (he 

comprise a lt fluorcseein-cootaining group", such as a group carboxy-terininal end of the aggregation core domain, the 

derived from reacting an Ap -derived peptidic structure with 65 amino-ferminal end of the compound can be further 

5-(and 6-)-carboxyfluorescein, succinimidyl ester or fluo- modified, for example, to reduce the ability of the compound 

resccin isothiocyanale. In various other embodiments, the to act as a substrate for aminopeptidases. 
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A modulator compound can be further modified to label 
the compound by reacting the compound with a detectable 
substance. Suitable delectable substances include various 
enzymes, prosthetic groups, fluorescent materials, lumines- 
cent materials and radioactive materials. Examples of suit- 5 
able enzymes include horseradish peroxidase, alkaline 
phosphatase, p-galactosidase, or acetylcholinesterase; 
examples of suitable prosthetic group complexes include 
streptavidin/biotin and avidio/biotin; examples of suitable 
fluorescent materials include umbelliferone, fluorescein, 10 
fluorescein isothiocyanate, rhodamine, dichlorotriaziny- 
lamine fluorescein, dansyl chloride or phycoerytbrin; an 
example of a luminescent material includes luminol; and 
examples of suitable radioactive material include J4 C, 123 I, 
124 I, 125 1, 133 1, 99fn Tc, 35 S or 3 H. In a preferred embodiment, 15 
a modulator compound is radioactively labeled with 34 C, 
either by incorporation of 14 C into the modifying group or 
one or more amino acid structures in the modulator com- 
pound. Labeled modulator compounds can be used to assess 
the in vivo pharmacokinetics of the compounds, as well as 20 
to detect A(J aggregation, for example for diagnostic pur- 
poses. Ap aggregation can be detected using a labeled 
modulator compound either in vivo or in an in vitro sample 
derived from a subject. 

Preferably, for use as an in vivo diagnostic agent, a 25 
modulator compound of the invention is labeled with radio- 
active technetium or iodine. Accordingly, in one 
embodiment, the invention provides a modulator compound 
labeled with technetium, preferably 99 "Tc. Methods for 
labeling peptide compounds with technetium are known in 30 
the art (see e.g., U.S. Pat. Nos. 5,443,815, 5,225,180 and 
5,405,597, all by Dean et al.; Stepniak-Biniakiewicz, D., et 
al. (1992)/. Med. Chem. 35:274-279; Fritzberg, A. R.,et al. 
(1988) Proc. Natl Acad. Sci. USA 85:4025^1029; Baidoo, 
K. E., et al. (1990) Cancer Res. SuppL 50:799s^803s; and 35 
Regan, L. and Smith, C. K. (1995) Science 270:980-982). A 
modifying group can be chosen that provides a site at which 
a chelation group for " m Tc can be introduced, such as the 
Aic derivative of cholic acid, which has a free amino group 
(see Example 11). In another embodiment, the invention 40 
provides a modulator compound labeled with radioactive 
iodine. For example, a phenylalanine residue within the Aft 
sequence (such as Phe J9 or Phe^) can be substituted with 
radioactive iodotyrosyl (see Example 11). Any of the various 
isotopes of radioactive iodine can be incorporated to create 45 
a diagnostic agent. Preferably, 123 I (half-life=13.2 hours) is 
used for whole body scintigraphy, a24 I (half Iife=4 days) is 
used for positron emission tomography (PET), 12S I (half 
life=60 days) is used for metabolic turnover studies and 1311 
(half Iife=8 days) is used for whole body counting and 50 
delayed low resolution imaging studies. 

Furthermore, an additional modification of a modulator 
compound of the invention can serve to confer an additional 
therapeutic property on the compound. That is, the addi- 
tional chemical modification can comprise an additional 55 
functional moiety. For example, a functional moiety which 
serves to break down or dissolve amyloid plaques can be 
coupled to the modulator compound. In this form, the 
MG-ACD portion of the modulator serves to target the 
compound to Ap peptides and disrupt the polymerization of 60 
the AP peptides, whereas the additional functional moiety 
serves to break down or dissolve amyloid plaques after the 
compound has been targeted to these sites. 

In an alternative chemical modification, a P-arayloid 
compound of the invention is prepared in a "prodrug" form, 65 
wherein the compound itself docs not modulate Ap 
aggregation, but rather is capable of being transformed, 



upon metabolism in vivo, into a P-nroyloid modulator com- 
pound as defined herein. For example, in this type of 
compound, the modulating group can be present in a prodrug 
form that is capable of being converted upon metabolism 
into the form of an active modulating group. Such a prodrug 
form of a modifying group is referred to herein as a 
"secondary modifying group." A variety of strategies are 
known in the art for preparing peptide prodrugs that limit 
metabolism in order to optimize delivery of the active form 
of the peptide-based drug (see e.g., Moss, J. (1995) in 
Peptide-Based Drug Design: Controlling Transport and 
Metabolism, Taylor, M. D. and Amidon, G. L. (eds), Chapter 
18. Additionally strategies have been specifically tailored to 
achieving CNS delivery based on "sequential metabolism" 
(see e.g., Bodor, N., et al. (1992) Science 257:1698-1700; 
Prokai, L„ et al. (1994)7. Am. Chem. Soc. 116:2643-2644; 
Bodor, N. and Prokai, L. (1995) in Peptide-Based Drug 
Design: Controlling Transport and Metabolism, Taylor, M. 
D. and Amidon, G. L. (eds), Chapter 14. In one embodiment 
of a prodrug form of a modulator of the invention, the 
modifying group comprises an alkyl ester to facilitate blood- 
brain barrier permeability. 

Modulator compounds of the invention can be prepared 
by standard techniques known in the art. The peptide com- 
ponent of a modulator composed, at least in part, of a 
peptide, can be synthesized using standard techniques such 
as those described in Bodansky, M. Principles of Peptide 
Synthesis, Springer Verlag, Berlin (1993) and Grant, G. A. 
(ed.). Synthetic Peptides: A User's Guide, W. H. Freeman 
and Company, New York (1992). Automated .peptide "syn- 
thesizers are commercially available ie:g., Advanced 
ChemTech Model 396; Milligen/Biosearch 9600). 
Additionally, one or more modulating groups can be 
attached to the Ap-derived peptidic component (e.g., an AP 
aggregation core domain) by standard methods, for example 
using methods for reaction through an amino group (e.g., the 
alpha-amino group at the ammo-terminus of a peptide), a 
carboxyl group (e.g., at the carboxy terminus of a peptide), 
a hydroxyl group (e.g., on a tyrosine, serine or threonine 
residue) or other suitable reactive group on an amino acid 
side chain (see e.g., Greene, T. W. and Wuts, P. G. M. 
Protective Groups in Organic Synthesis, John Wiley and 
Sons, Inc., New York (1991)). Exemplary syntheses of 
preferred p amyloid modulators is described further in 
Examples 1, 4 and 11. 
IV. Screening Assays 

Another aspect of the invention pertains to a method for 
selecting a modulator of p-amyloid aggregation. In the 
method, a test compound is contacted with natural p amyloid 
peptides, the aggregation of the natural p-AP is measured 
and a modulator is selected based on the ability of the test 
compound to alter the aggregation of the natural p-AP (e.g., 
inhibit or promote aggregation). In a preferred embodiment, 
the test compound is contacted with a molar excess amount 
of the natural p-AP. The amount and/or rate of natural P-AP 
aggregation in the presence of the test compound can be 
determined by a suitable assay indicative of p-AP 
aggregation, as described herein (see e.g., Examples 2, 5 and 
6). 

In a preferred assay, the natural p-AP is dissolved in 
solution in the presence of the test compound and aggrega- 
tion of the natural p-AP is assessed in a nucleation assay (see 
Example 6) by assessing the turbidity of the solution over 
time, as measured by the apparent absorbancc of the solution 
at 405 nm (described further in Example 6; sec also Jarrctt 
et al. (J993) Biochemistty 32:4693-^697). In the absence of 
a p -amyloid modulator, the A 405 m „ of the solution typically 
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stays relatively coaslant during a lag lime in which the p-AP response in the individual. Dosage regimens may he 

remains in solution, but then the A 405 mn of the solution adjusted to provide the optimum therapeutic response. A 

rapidly increases as the p-AP aggregates and comes out of therapeutically effective amount is also one in which any 

solution, ultimately reaching a plateau level (i.e., the A 405 tttn toxic or detrimental effects of the modulator are outweighed 

of the solution exhibits sigmoidal kinetics over time). In 5 by the therapeutically beneficial effects. The potential neu- 

contrast, in the presence of a test compound that inhibits rotoxicity of the modulators of the invention can be assayed 

p-AP aggregation, the A 405 ,„„, of the solution is reduced using the cell -based assay described in Examples 3 and JO 

compared to when the modulator is absent. Thus, in the and a therapeutically effective modulator can be selected 

presence of the inhibitory modulator, the solution may which does not exhibit significant neurotoxicity. In a pre- 

exhibit an increased lag time, a decreased slope of aggre- 10 ferred embodiment, a therapeutically effective amount of a 

gat ion and/or a lower plateau level compared to when the modulator is sufficient to alter, and preferably inhibit, aggre - 

modulator is absent. This method for selecting a modulator gation of a molar excess amount of natural p-arayloid 

of p-amyloid polymerization can similarly be used to select peptides. A "prophylactically effective amount" refers to an 

modulators that promote p-AP aggregation. Thus, in the amount effective, at dosages and for periods of time 

presence of a modulator that promotes p-AP aggregation, 15 necessary, to achieve the desired prophylactic result, such as 

the A 405nm of the solution is increased compared to when the preventing or inhibiting the rate of p-amyloid deposition 

modulator is absent (e.g., the solution may exhibit an and/or AP neurotoxicity in a subject predisposed to 

decreased lag time, increase slope of aggregation and/or a p-amyloid deposition. A prophylactically effective amount 

higher plateau level compared to when the modulator is can be determined as described above for the therapeutically 

absent). 20 effective amount. Typically, since a prophylactic dose is 

Another assay suitable for use in the screening method of used in subjects prior to or at an earlier stage of disease, the 

the invention, a seeded extension assay, is also described prophylactically effective amount will be less than the 

further in Example 6. In this assay, p-AP monomer and an therapeutically effective amount. 

aggregated p-AP "seed" are combined, in the presence and One factor that may be considered when determining a 

absence of a test compound, and the amount of p-fibril 25 . therapeutically or prophylactically effective amount of a p 

formation is assayed based on enhanced emission of the dye amyloid modulator is the concentration of natural p-AP in a 

Thioflavine T when contacted with p-AP fibrils. Moreover, biological compartment of a subject, such as in the cere- 

P-AP aggregation can be assessed by electron microscopy brospinal fluid (CSF) of the subject. The concentration of 

(EM) of the P-AP preparation in the presence or absence of natural p-AP in the CSF has been estimated at 3 nM 

the modulator. For example, p amyloid iibril iormation, 30 ifSchwarlzman, (1994) Proc. Natl. Acad. Set USA 

which is detectable by EM, is reduced in nhe presence .of .a 9.1: 8368-^8372). Anon-limitingTange for a therapeutically or 

modulator that inhibits p-AP aggregation (i.e., there is a prophylactically effective amounts of a p amyloid modulator 

reduced amount or number of P-fibrils in the presence of the is 0.01 nM-10 /<M. It is to be noted that dosage values may 

modulator), whereas p fibril formation is increased in the vary with the severity of the condition to be alleviated. It is 

presence of a modulator that promotes p-AP aggregation 35 to be further understood that for any particular subject, 

(i.e., there is an increased amount or number of p-fibrils in specific dosage regimens should be adjusted over time 

the presence of the modulator). according to the individual need and the professional judg- 

An even more preferred assay for use in the screening men! of the person administering or supervising the admin- 
method of the invention to select suitable modulators is the istrafion of the compositions, and that dosage ranges set 
neurotoxicity assay described in Examples 3 and 10. Com- 40 forth herein are exemplary only and are not intended to limit 
pounds are selected which inhibit the formation of neuro- the scope or practice of the claimed composition, 
toxic Ap aggregates and/or which inhibit the neurotoxicity The amount of active compound in the composition may 
of preformed Ap fibrils. This neurotoxicity assay is consid- vary according to factors such as the disease state, age, sex, 
ered to be predictive of neurotoxicity in vivo. Accordingly, and weight of the individual, each of which may affect the 
inhibitory activity of a modulator compound in the in vitro 45 amount of natural p-AP in the individual. Dosage regimens 
neurotoxicity assay is predictive of similar inhibitory activ- may be adjusted to provide the optimum therapeutic 
ity of the compound for neurotoxicity in vivo. response. For example, a single bolus may be administered, 
V. Pharmaceutical Compositions several divided doses may be administered over time or the 

Another aspect of the invention pertains to pharmaceuti- dose may be proportionally reduced or increased as indi- 

cal compositions of the p-amyloid modulator compounds of 50 cated by the exigencies of the therapeutic situation. It is 

the invention. In one embodiment, the composit ion includes especially advantageous to formulate parenteral composi- 

a p amyloid modulator compound in a therapeutically or tions in dosage unit form for ease of administration and 

prophylactically effective amount sufficient to alter, and uniformity of dosage. Dosage unit form as used herein refers 

preferably inhibit, aggregation of natural p-amyloid to physically discrete units suited as unitary dosages for the 

peptides, and a pharmaceutical^ acceptable carrier. In 55 mammalian subjects to be treated; each unit containing a 

another embodiment, the composition includes a p amyloid predetermined quantity of active compound calculated to 

modulator compound in a therapeutically or prophylacti- produce the desired therapeutic effect in association with the 

cally effective amount sufficient to inhibit the neurotoxicity required pharmaceutical carrier. The specification for the 

of natural p-amyloid peptides, and a pharmaceutics lly dosage unit forms of the invention are dictated by and 

acceptable carrier. A "therapeutically effective amount" 60 directly dependent on (a) the unique characteristics of the 

refers to an amount effective, at dosages and for periods of active compound and the particular therapeutic effect to be 

time necessary, to achieve the desired therapeutic result, achieved, and (b) the limitations inherent in the art of 

such as reduction or reversal or p-amyloid deposition and/or compounding such an active compound for the treatment of 

reduction or reversal of Ap neurotoxicity. A therapeutically sensitivity in individuals. 

effective amount of modulator may vary according to factors 65 As used herein ''pharmaceutical^ acceptable carrier" 

such as the disease state, age, sex, and weight of the includes any and all solvents, dispersion media, coatings, 

individual, and the ability of the modulator to elicit a desired antibacterial and antifungal agents, isotonic and absorption 
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delaying agents, and the like thai are physiologically com- the central nervous system are described in Bodor, N., et al. 

patible. Jo one embodiment, the carrier is suitable for (1992) Science 257:1698-1700. For the (i -amy bid modu la - 

parenteral administration. Preferably, the carrier is suitable tors described herein, inclusion in the formulation of 

for administration into the central nervous system (e.g., hydroxypropyl-Y-cyclodextrin at a concentration 50-200 

intraspinally or intraccrebrally). Alternatively, the carrier 5 mM increases the aqueous solubility of the compounds. In 

can be suitable for intravenous, intraperitoneal or intramus- addition to increased solubility, inclusion of a cyclodcxlrin 

cnlar administration. In another embodiment, the carrier is derivative in the formulation may have other beneficial 

suitable for oral administration. Pharmaceutically accept- effects, since (3 -cyclodextrin itself has been reported to 

able carriers include sterile aqueous solutions or dispersions interact with the A|3 peptide and inhibit fibril formation in 

and sterile powders for the extemporaneous preparation of 10 vitro (Cami lie ri, P., et a I. (1994) FEBS Letters 34 1:256-258. 

sterile injectable solutions or dispersion. The use of such Accordingly, use of a modulator compound of the invention 

media and agents for pharmaceutically active substances is in combination with a cyclodextrin derivative may result in 

well known in the art. Except insofar as any conventional greater inhibition of A(3 aggregation than use of the modu- 

media or agent is incompatible with the active compound, lator alone. Chemical modifications of cyclodextrins are 

use thereof in the pharmaceutical compositions of the inven- 15 known in the art (Hanessian, S., et al. (1995) J. Org. Chem. 

tion is contemplated. Supplementary active compounds can 60:4786-4797). In addition to use as an additive in a 

also be incorporated into the compositions. pharmaceutical composition containing a modulator of the 

Therapeutic compositions typically must be sterile and invention, cyclodextrin derivatives may also be useful as 

stable under the conditions of manufacture and storage. The modifying groups and, accordingly, may also be covalently 

composition can be formulated as a solution, 20 coupled to an Ap peptide compound to form a modulator 

microemulsion, liposome, or other ordered structure suitable compound of the invention. 

to high drug concentration. The carrier can be a solvent or In another embodiment, a pharmaceutical composition 

dispersion medium containing, for example, water, ethanol, comprising a modulator of the invention is formulated such 

polyol (for example, glycerol, propylene glycol, and liquid that the modulator is transported across the blood-brain 

polyethylene glycol, and the like), and suitable mixtures 25 barrier (BBB). Various strategies known in the art for 

thereof. The proper fluidity can be maintained, for example, increasing transport across the BBB can be adapted to the 

by the use of a coating such as lecithin, by the maintenance modulators of the invention to thereby enhance transport of 

of the required particle size in the case of dispersion and by the modulators across the BBB (for reviews of such 

the use of surfactants. In many cases, it will be preferable to strategies, see e.g., Pardridge, W. M. (1994) Trends in 

include asoionic.agents, for .example, sugars, polyalcohols 30 Biotechnot. 12:239-245; Van Bree, J. B. et al. {1993) Pharm. 

•such .as ;mannitol, sorbitol, or sodium chloride in the com- World Sci. 15:2-9; and Pardridge, W. M. et al. (1992) 

position. Prolonged absorption of the injectable composi- Pharmacol. Toxicol. 71:3-10). In one approach, the modu- 

tions can be brought about by including in the composition lator is chemically modified to form a prodrug with 

an agent which delays absorption, for example, monostear- enhanced transmembrane transport. Suitable chemical 

ate salts and gelatin. Moreover, the modulators can be 35 modifications include covalent linking of a fatty acid to the 

administered in a time release formulation, for example in a modulator through an amide or ester linkage (see e.g., U.S. 

composition which includes a slow release polymer. The Pat. No. 4,933,324 and PCT Publication WO 89/07938, both 

active compounds can be prepared with carriers that will by Shasboua; U.S. Pat. No. 5,284,876 by Hesse et al.; Toth, 

protect the compound against rapid release, such as a I. et al. (1 994)7. Drug Target. 2:217-239; and Shashoua, V. 

controlled release formulation, including implants and 40 E. et al. (1984) J. Med Chem 27:659-664) and glycating 

microencapsulated delivery systems. Biodegradable, bio- the modulator (see e.g., U.S. Pat. No. 5,260,308 by Poduslo 

compatible polymers can be used, such as ethylene vinyl et al.). Also, N-acylamino acid derivatives may be used in a 

acetate, polyanhydrides, polyglycolic acid, collagen, modulator to form a "lip idic" prodrug (see e.g., U.S. Pat. No. 

polyorthoesters, polylactic acid and poly lactic, polyglycolic 5,112*863 by Hashimoto et al.). 

copolymers (PLG). Many methods for the preparation of 45 In another approach for enhancing transport across the 

such formulations are patented or generally known to those BBB, a peplidic or peptidomimetic modulator is conjugated 

skilled in the art. to a second peptide or protein, thereby forming a chimeric 

Sterile injectable solutions can be prepared by incorpo- protein, wherein the second peptide or protein undergoes 

rating the active compound (e.g., (5-amyloid modulator) in absorptive-mediated or receptor-mediated transcytosis 

the required amount in an appropriate solvent with one or a 50 through the BBB. Accordingly, by coupling the modulator to 

combination of ingredients enumerated above, as required, this second peptide or protein, the chimeric protein is 

followed by filtered sterilization. Generally, dispersions are transported across the BBB. The second peptide or protein 

prepared by incorporating the active compound into a sterile can be a ligand for a brain capillary endothelial cell receptor 

vehicle which contains a basic dispersion medium and the ligand. For example, a preferred ligand is a monoclonal 

required other ingredients from those enumerated above. In 55 antibody that specifically binds to the traasferrin receptor on 

the case of sterile powders for the prepa radon of sterile brain capillary endothelial cells (see e.g., U.S. Pat. Nos. 

injectable solutions, the preferred methods of preparation 5,182,107 and 5,154,924 and PCT Publications WO 

are vacuum drying and frcezc-drying which yields a powder 93/10819 and WO 95/02421, all by Fridcn et al.). Other 

of the active ingredient plus any additional desired ingredi- suitable peptides or proteins that can mediate transport 

ent from a previously sterile-filtered solution thereof. 60 across the BBB include hislones (see e.g., U.S. Pat. No. 

A modulator compound of the invention can be formu- 4,902,505 by Pardridge and Schimmel) and ligands such as 

latcd with one or more additional compounds that enhance biotin, folate, niacin, pantothenic acid, riboflavin, thiamin, 

the solubility of the modulator compound. Preferred com- pryridoxal and ascorbic acid (see e.g., U.S. Pat. Nos. 5,416, 

pounds to be added to formulations to enhance the solubility 016 and 5,108,921, both by Heinstcin). Additionally, the 

of the modulators are cyclodextrin derivatives, preferably 65 glucose transporter GLUT-1 has been reported to transport 

hydroxypropyl-Y-cyclodexlrin. Drug delivery vehicles con- glycopcplides (L-scrinyl-p-D-glucoside analogues of 

taining a cyclodextrin derivative for delivery of peptides to [Mel5]enkephalin) across the BBB (Poll, R. et al. (1994) 
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Proc. Nail. Acad. ScL USA 91:7114-1 778). Accordingly, a 
modulator compound can be coupled to such a glycopeplide 
to target the modulator to the GLUT-1 glucose transporter. 
For example, a modulator compound which is modified at its 
amino terminus with the modifying group Aic (3-(0- 5 
aminoethyl-iso)-cholyl, a derivative of cholic acid having a 
free amino group) can be coup Jed to a glycopeplide through 
the amino group of Aic by standard methods. Chimeric 
proteins can be formed by recombinant DNA methods (e.g., 
by formation of a chimeric gene encoding a fusion protein) 10 
or by chemical crossl inking of the modulator to the second 
peptide or protein to form a chimeric protein. Numerous 
chemical crosslinking agents are known in the (e.g., com- 
mercially available from Pierce, Rockford 111.). A crosslink- 
ing agent can be chosen which allows for high yield cou- 15 
pling of the modulator to the second peptide or protein and 
for subsequent cleavage of the linker to release bioactive 
modulator. For example, a biolin-avidin-based linker system 
may be used. 

In yet another approach for enhancing transport across the 20 
BBB, the modulator is encapsulated in a carrier vector which 
mediates transport across the BBB. For example, the modu- 
lator can be encapsulated in a liposome, such as a positively 
charged unilamellar liposome (see e.g., PCT Publications 
WO 88/07851 and WO 88/07852, both by Faden) or in 25 
polymeric microspheres (see e.g., U.S. Pat. No. 5,413,797 
by Khan et al., U.S. Pat. No. 5,271,961 by Mathiowitz et al. 
and U.S. Pat. No. 5,019,400 by Gombotz et al.). Moreover, 
the carrier vector can be modified to target it for transport 
across the BBB. )For example, the carrier vector (e.g., 30 
liposome) can be .covalently modified with a molecule which 
is actively transported across the BBB or with a ligand for 
brain endothelial cell receptors, such as a monoclonal anti- 
body that specifically binds to transferrin receptors (see e.g., 
PCT Publications WO 91/04014 by Collins et al. and WO 35 
94/02178 by Greig et al.). 

In still another approach to enhancing transport of the 
modulator across the BBB, the modulator is coadministered 
with another agent which functions to permeabilize the 
BBB. Examples of such BBB "permeabilizers" include 40 
bradykinin and bradykinin agonists (see e.g., U.S. Pat. No. 
5,112,596 by Malfroy-Camine) and peptidic compounds 
disclosed in U.S. Pat. No. 5,268,164 by Kozarich et al. 

A modulator compound of the invention can be formu- 
lated into a pharmaceutical composition wherein the modu- 45 
lator is the only active compound or, alternatively, the 
pharmaceutical composition can contain additional active 
compounds. For example, two or more modulator com- 
pounds may be used in combination. Moreover, a modulator 
compound of the invention can be combined with one or 50 
more other agents that have anti-amyloidogenic properties. 
For example, a modu I al or compound can be combined with 
the non-specific cbolinesterase inhibitor tacrine 
(COGNEX®, Parke-Davis). 

In another embodiment, a pharmaceutical composition of 55 
the invention is provided as a packaged formulation. The 
packaged formulation may include a pharmaceutical com- 
position of the invention in a container and printed instruc- 
tions lor administration of the composition for treating a 
subject having a disorder associated with p-amyloidosis, e.g. 60 
Alzheimer's disease. 
VI. Methods of Using Ap Modulators 

Another aspect of the invention pertains to methods for 
altering the aggregation or inhibiting the neurotoxicity of 
natural p-amyloid peptides. In the methods of the invention, 65 
natural p amyloid peptides are contacted with a p amyloid 
modulator such that the aggregation of the natural p amyloid 



peptides is altered or the neurotoxicity of the natural p 
amyloid peptides is inhibited. In a preferred embodiment, 
the modulator inhibits aggregation of the natural p amyloid 
peptides. In another embodiment, the modulator promotes 
aggregation of the natural p amyloid peptides. Preferably, 
aggregation of a molar excess amount of p-AP, relative to 
the amount of modulator, is altered upon contact with the 
modulator. 

In the method of the invention, natural p amyloid peptides 
can be contacted with a modulator either in vitro or in vivo. 
Thus, the term "contacted with" is intended to encompass 
both incubation of a modulator with a natural p-AP prepa- 
ration in vitro and delivery of the modulator to a site in vivo 
where natural p-AP is present. Since the modulator com- 
pound interacts with natural p-AP, the modulator com- 
pounds can be used to detect natural p-AP, either in vitro or 
in vivo. Accordingly, one use of the modulator compounds 
of the invention is as diagnostic agents to detect the presence 
of natural P-AP, either in a biological sample or in vivo in 
a subject. Furthermore, detection of natural p-AP utilizing a 
modulator compound of the invention further can be used to 
diagnose amyloidosis in a subject. Additionally, since the 
modulator compounds of the invention disrupt p-AP aggre- 
gation and inhibit p-AP neurotoxicity, the modulator com- 
pounds also are useful in the treatment of disorders associ- 
ated with p-amyloidosis, either prophylactically or 
therapeutically. Accordingly, another use of the modulator 
compounds of the invention is as therapeutic agents to alter 
aggregation and/or neurotoxicity of natural p-AP. 

In one embodiment, a modulator .compound of the inven- 
tion is used in vitro, for example to detect and .quantitate 
natural p-AP in sample (e.g., a sample of biological fluid). 
To aid in detection, the modulator compound can be modi- 
fied with a detectable substance. The source of natural p-AP 
used in the method can be, for example, a sample of 
cerebrospinal fluid (e.g., from an AD patient, an adult 
susceptible to AD due to family history, or a normal adult). 
The natural p-AP sample is contacted with a modu lator of 
the invention and aggregation of the p-AP is measured, such 
as by as assay described in Examples 2, 5 and 6. Preferably, 
the nucleation assay and/or seeded extension assay 
described in Example 6 is used. The degree of aggregation 
of the p-AP sample can then be compared to that of a control 
sample(s) of a known concentration of p-AP, similarly 
contacted with the modulator and the results can be used as 
an indication of whether a subject is susceptible to or has a 
disorder associated with p-amyloidosis. Moreover, p-AP can 
be detected by detecting a modulating group incorporated 
into the modulator. For example, modulators incorporating a 
biotin compound as described herein (e.g., an amino- 
terminally biotinylated p-AP peptide) can be delected using 
a slreptavidin or avidin probe which is labeled with a 
delectable substance (e.g., an enzyme, such as peroxidase). 
Detection of natural f}-AP aggregates mixed with a modu- 
lator of the invention using a probe that binds to the 
modulating group (e.g., biotin/streptavidin) is described 
further in Example 2. 

In another embodiment, a modulator compound of the 
invention is used in vivo to detect, and, if desired, quanlitate, 
natural p-AP deposition in a subject, for example to aid in 
the diagnosis of p amyloidosis in the subject. To aid in 
detection, the modulator compound can be modified with a 
detectable substance, preferably p9 '"Tc or radioactive iodine 
(described further above), which can be detected in vivo in 
a subject. The labeled p -amyloid modulator compound is 
administered to the subject and, after sufficient time to allow 
accumulation of the modulator at sites of amyloid 
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deposition, the labeled modulator compound is detected by 
standard imaging techniques. The radioactive signal gener- 
ated by the labeled compound can be directly detected (e.g., 
whole body counting), or alternatively, the radioactive signal 
can be converted into an image on an auloradiograph or on 5 
a computer screen to allow for imaging of amyloid deposits 
in the subject. Methods for imaging amyloidosis using 
radiolabeled proteins are known in the art. For example, 
serum amyloid p component (SAP), radiolabeled with either 
323 I or ""To, has been used to image systemic amyloidosis 10 
(see e.g., Hawkins, P. N. and Pepys, M. B. (1995) Eur. J 
Nucl. Med. 22:595-599). Of the various isotypes of radio- 
active iodine, preferably 123 I (half-life=13.2 hours) is used 
for whole body scintigraphy, 124 1 (half life=4 days) is used 
for positron emission tomography (PET), i25 I (half life=60 15 
days) is used for metabolic turnover studies and J33 I (half 
life =8 days) is used for whole body counting and delayed 
low resolution imaging studies. Analogous to studies using 
radiolabeled SAP, a labeled modulator compound of the 
invention can be delivered to a subject by an appropriate 20 
route (e.g., intravenously, intraspinally, intracerebral^) in a 
single bolus, for example containing 100 fig of labeled 
compound carrying approximately 180 MBq of radioactiv- 
ity. 

The invention provides a method for detecting the pres- 25 
ence or absence of natural p-amyloid peptides in a biological 
sample, comprising contacting a biological sample with a 
compound of the invention and detecting the compound 
bound to natural P-amyloid peptides to thereby detect the 
presence or absence of natural p -amyloid peptides in ithe .30 
biological sample. In one embodiment, the p-amyloid modu - 
lator compound and the biological sample are contacted in 
vitro. In another embodiment, the p-amyloid modulator 
compound is contacted with the biological sample by admin- 
istering the p-amyloid modulator compound to a subject. For 35 
in vivo administration, preferably the compound is labeled 
with radioactive technetium or radioactive iodine. 

The invention also provides a method for detecting natu- 
ral p-amyloid peptides to facilitate diagnosis of a 
p-amyloidogenic disease, comprising contacting a biologi- 40 
cal sample with the compound of the invention and detecting 
the compound bound to natural p-amyloid peptides to facili- 
tate diagnosis of a p-amyloidogenic disease. In one 
embodiment, the p-amyloid modulator compound and the 
biological sample are contacted in vitro. In another 45 
embodiment, the p-amyloid modulator compound is con- 
tacted with the biological sample by administering the 
p-amyloid modulator compound to a subject. For in vivo 
administration, preferably the compound is labeled with 
radioactive technetium or radioactive iodine. Preferably, use 50 
of the method facilitates diagnosis of Alzheimer's disease. 

In another embodiment, the invention provides a method 
for altering natural p-AP aggregation or inhibiting p-AP 
neurotoxicity, which can be used prophylactically or thera- 
peutically in the treatment or prevention of disorders asso- 55 
cia ted with p amyloidosis, e.g., Alzheimer's Disease. As 
demonstrated in Example 10, modulator compounds of the 
invention reduce the toxicity of natural P-AP aggregates to 
cultured neuronal cells. Moreover, the modulators not only 
reduce the formation of neurotoxic aggregates but also have 60 
the ability to reduce the neurotoxicity of preformed AP 
fibrils. Accordingly, the modulator compounds of the inven- 
tion can be used to inhibit or prevent the formation of 
neurotoxic Ap fibrils in subjects (e.g., prophylactically in a 
subject predisposed to p -amyloid deposition) and can be 65 
used to reverse p-amyloidosis therapeutically in subjects 
already exhibiting p-amyloid deposition. 



,204 

34 

A modulator of the invention is contacted with natural p 
amyloid peptides present in a subject (e.g., iD the cerebrospi- 
nal fluid or cerebrum of the subject) to thereby alter the 
aggregation of the natural p-AP and/or inhibit the neurotox- 
icity of the natural p-APs. A modulator compound alone can 
be administered to the subject, or alternatively, the modu- 
lator compound can be administered in combination with 
other therapeutically active agents (e.g., as discussed above 
in subsection IV). When combination therapy is employed, 
the therapeutic agents can be coadministered in a single 
pharmaceutical composition, coadministered in separate 
pharmaceutical compositions or administered sequentially. 

The modulator may be administered to a subject by any 
suitable route effective for inhibiting natural p-AP aggrega- 
tion in the subject, although in a particularly preferred 
embodiment, the modulator is administered parente rally, 
most preferably to the central nervous system of the subject. 
Possible routes of CNS administration include intraspinal 
administration and intracerebral administration (e.g., intrac- 
erebrovascular administration). Alternatively, the compound 
can be administered, for example, orally, intraperitoneally, 
intravenously or intramuscularly. For non-CNS administra- 
tion routes, the compound can be administered in a formu- 
lation which allows for transport across the BBB. Certain 
modulators may be transported across the BBB without any 
additional further modification whereas others may need 
further modification as described above in subsection IV. 

Suitable modes and devices for delivery of therapeutic 
compounds to the CNS of a subject are known in the art, 
including cerebrovascular reservoirs (e.g., Ommaya or Rik- 
ker jreseTvoirs; tsee .e.g. , Raney,. J. P. et al . ( 1 988) J. Neurosci. 
Nurs. .20:23-29; Sundaresan, N. et al. (1989) Oncology 
3:15-22), catheters for intrathecal delivery (e.g., Port-a- 
Cath, Y-catheters and the like; see e.g., Plummer, J. L. 
(1991) Pain 44:215-220; Yaksh, T. L. et al. (1986) Phar- 
macol Biochem. Behav. 25:483-485), injectable intrathecal 
reservoirs (e.g., Spina lgesic; see e.g., Brazenor, G. A. (1987) 
Neurosurgery 21:484-491), implantable infusion pump sys- 
tems (e.g., Infusaid; see e.g., Zierski, J. et al. (1988) Acta 
Neurochem. Suppi 43:94-99; Kanoff, R. B. (1994) J. Am. 
Osteopath. Assoc. 94:487-493) and osmotic pumps (sold by 
Alza Corporation). A particularly preferred mode of admin- 
istration is via an implantable, externally programmable 
infusion pump. Suitable infusion pump systems and reser- 
voir systems are also described in U.S. Pat. No. 5,368,562 by 
Blomquist and U.S. Pat. No. 4,731,058 by Doan, developed 
by Pharmacia Deltec Inc. 

The method of the invention for altering p-AP aggrega- 
tion in vivo, and in particular for inhibiting P-AP 
aggregation, can be used therapeutically in diseases associ- 
ated with abnormal p amyloid aggregation and deposition to 
thereby slow the rate of p amyloid deposition and/or lessen 
the degree of P amyloid deposition, thereby ameliorating the 
course of the disease. In a preferred embodiment, the 
method is used to treat Alzheimer's disease (e.g, sporadic or 
familial AD, including both individuals exhibiting symp- 
toms of AD and individuals susceptible to familial AD). The 
method can also be used prophylactically or therapeutically 
to treat other clinical occurrences of, amyloid deposition, 
such as in Down's syndrome individuals and in patients with 
hereditary cerebral hemorrhage with amyloidosis-Dutch- 
type (HCHWA-D). While inhibition of p-AP aggregation is 
a preferred therapeutic method, modulators that promote 
p-AP aggregation may also be useful therapeutically by 
allowing for the sequestration of p-AP at sites that do not 
lead to neurological impairment. 

Additionally, abnormal accumulation of p-amybid pre- 
cursor protein in muscle fibers has been implicated in the 
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pathology of sporadic inclusion body myositis (IBM) 
(Askanas, V. et al. (1996) Proc. Natl. Acad Sci USA 
93:1314-1319; Askanas, V et al. (1995) Current Opinion in 
Rheumatology 7:486-496). Accordingly, I he modulators of 
the invention can be used prophylactically or therapeutically 5 
in the treatment of disorders in which P-AP, or APP, is 
abnormally deposited at non-neurological locations, such as 
treatment of IBM by delivery of the modulators to muscle 
fibers. 

VII. Unmodified Ap Peptides that Inhibit Aggregation of 10 
Natural (5-AP 

In addition to the p-amyloid modulators described here- 
inbefore in which an Ap peptide is coupled to a modifying 
group, the invention also provides p-amyloid modulators 
comprised of an unmodified Ap peptide. It has now been 35 
discovered that certain portions of natural p-AP can alter 
aggregation of natural p-APs when contacted with the 
natural p-APs (see Example 12). Accordingly, these 
unmodified Ap peptides comprise a portion of the natural 
P-AP sequence (i.e., a portion of pAP^, pAP-,. 40 , PAP 3 _ 42 20 
and pAP 1 ^ 3 ). Id particular these unmodified Ap peptides 
have at least one amino acid deletion compared to pAP^^, 
the shortest natural p-AP, such that the compound alters 
aggregation of natural p-amyloid peptides when contacted 
with the natural p-amyloid peptides. In various 25 
embodiments, these unmodified peptide compounds can 
promote aggregation of natural p-arayloid peptides, or, more 
preferably, can inhibit aggregation of natural p-amyloid 
peptides when contacted with the natural P-amyloid pep- 
aides. iEven snore preferably, Ahe ninmodified peptide com- 30 
ipound inhibits ♦aggregation of -natural p-amyloid peptides 
when contacted with a molar excess amount of natural 
P-amyloid peptides (e.g., a 10-fold, 33-fold or 100-fold 
molar excess amount of natural p-AP). 

As discussed above, the unmodified peptide compounds 35 
of the invention comprise an amino acid sequence having at 
least one amino acid deletion compared to the amino acid 
sequence of pAP a _ 39 . Alternatively, the unmodified peptide 
compound can have at least five, ten, fifteen, twenty, twenty- 
five, thirty or thirty-five amino acids deleted compared to 40 
pAPj_ 39 . Still further the unmodified peptide compound can 
have 1-5, 1-10, 1-15, 1-20, 1-25, 1-30 or 1-35 amino 
acids deleted compared to pAP 109 . The amino acid deletion 
(s) may occur at the amino-terminus, the carboxy -terminus, 
an internal site, or a combination thereof, of the P-AP 45 
sequence. Accordingly, in one embodiment, an unmodified 
peptide compound of the invention comprises an amino acid 
sequence which has at least one internal amino acid deleted 
compared to pAP^. Alternatively, the unmodified peptide 
compound can have at least five, ten, fifteen, twenty, twenty- 50 
five, thirty or thirty-five internal amino acids deleted com- 
pared to pAP 139 . Still further the unmodified peptide com- 
pound can have 1-5, 1-10, 1-15, 1-20, 1-25, 1-30 or J -35 
internal amino acids deleted compared to pAP^ 39 . For 
peptides with internal deletions, preferably the peptide has 55 
an amino terminus corresponding to amino acid residue 1 of 
natural pAP and a carboxy terminus corresponding to resi- 
due 40 of natural pAP and has one or more internal P-AP 
amino acid residues deleted (i.e., a non-contiguous AP 
peptide). 60 

In another embodiment, the unmodified peptide com- 
pound comprises an amino acid sequence which has at least 
one N-terminal amino acid deleted compared to pAPj.^. 
Alternatively, the unmodified peptide compound can have at 
least five, ten, fifteen, twenty, twenty-five, thirty or thirty- 65 
five N-tcrminal amino acids deleted compared to pAP^. 
Still further the unmodified peptide compound can have 1-5, 



1-10, 1-15, 1-20, 1-25, 1-30 or 1-35 N-tcrminal amino 
acids deleted compared to pAPj^. 

In yet another embodiment, the unmodified peptide com- 
pound comprises an amino acid sequence which has at least 
one C-terminal amino acid deleted compared to pAlY~ 9 
Alternatively, the unmodified peptide compound can have al 
least five, ten, fifteen, twenty, twenty-five, thirty or thirty- 
five C-terminal amino acids deleted compared to PAPj.-q. 
Still further the unmodified peptide compound can have 1-5, 
1-10, 1-15, 1-20, 1-25, 1-30 or 1-35 C-lerminal amino 
acids deleted compared to pAP 3 _ 39 . 

In addition to deletion of amino acids as compared to 
pAPj„ 39 , the peptide compound can have additional non-p- 
AP amino acid residues added to it, for example, al the 
amino terminus, the carboxy-termious or at an internal site. 
In one embodiment, the peptide compound has at least one 
non-p-amyloid peptide-derived amino acid at its 
N-terminus. Alternatively, the compound can have, for 
example, 1-3, 1-5, 1-7, 1-10, 1-15 or 1-20 non-fl-amyloid 
peptide-derived amino acid at its N-terminus. In another 
embodiment, the peptide compound has at least one non-p- 
amyloid peptide-derived amino acid at its C-termimis. 
Alternatively, the compound can have, for example, 1—3, 
1-5, 1-7, 1-10, 1-15 or 1-20 non-p-amyloid peptide- 
derived amino acid at its C-terminus. 

In specific preferred embodiments, an unmodified peptide 
compound of the invention comprises Ap^o (the amino 
acid sequence of which is shown in SEQ ID NO:4), AP a6 _ 30 
(the amino acid sequence of which is shown in SEQ ID 
NO:14), Ap^Q 26 _ 40 (the amino acid sequence of which is 
shown in SEQ' ID NO:15) or EEWHHHHQQ-pAP I6 _ 40 
(the amino acid sequence of which is shown in SEQ ID 
NO: 16). In the nomenclature used herein, PAPj_ 20 26 _ 40 
represents pAP^ 0 in which the internal amino acid residues 
21-25 have been deleted. 

An unmodified peptide compound of the invention can be 
chemically synthesized using standard techniques such as 
those described in Bodansky, M. Principles of Peptide 
Synthesis, Springer Verlag, Berlin (1993) and Grant, G. A. 
(ed.). Synthetic Peptides: A User's Guide, W. H. Freeman 
and Company, New York (1992). Automated peptide syn- 
thesizers are commercially available (e.g., Advanced 
ChemTech Model 396; Milligen/Biosearch 9600). 
Alternatively, unmodified peptide compounds can be pre- 
pared according to standard recombinant DNA techniques 
using a nucleic acid molecule encoding the peptide. A 
nucleotide sequence encoding the peptide can be determined 
using the genetic code and an oligonucleotide molecule 
having this nucleotide sequence can be synthesized by 
standard DNA synthesis methods (e.g., using an automated 
DNA synthesizer). Alternatively, a DNA molecule encoding 
an unmodified peptide compound can be derived from the 
natural p-amyloid precursor protein gene or cDNA (e.g., 
using the polymerase chain reaction and/or restriction 
enzyme digestion) according to standard molecular biology 
techniques. 

Accordingly, the invention further provides an isolated 
nucleic acid molecule comprising a nucleotide sequence 
encoding a p-amyloid peptide compound, the P-amyloid 
peptide compound comprising an amino acid sequence 
having at least one amino acid deletion compared to pAPj_, p 
such that the p-amyloid peptide compound alters aggrega- 
tion of natural p-amyloid peptides when contacted with the 
natural p-amyloid peptides. As used herein, the term 
"nucleic acid molecule 1 ' is intended to include DNA mol- 
ecules and RNA molecules and may be single-stranded or 
double -stranded, but preferably is double-stranded DNA. 
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The isolated nucleic acid encodes a peptide wherein one or 
more amino acids are deleted from the N-terminus, 
C-terminus and/or an internal site of pAPj.-g, as discussed 
above. In yet other embodiments, the isolated nucleic acid 
encodes a peptide compound having one or more amino 5 
acids deleted compared to pAPj.^g and further having at 
least one non-p-AP derived amino acid residue added to it, 
for example, at the amino terminus, the carboxy-terrainus or 
at an internal site. In specific preferred embodiments, an 
isolated nucleic acid molecule of the invention encodes 
pAP 6 . 20 , (3AP 16 _ 30 , f3AIY 20 26 _ 40 or EEVVHHHHQQ- 
PAP 1<wo (SEQIDNO:16). ' 

To facilitate expression of a peptide compound in a host 
cell by standard recombinant DNA techniques, the isolated 
nucleic acid encoding the peptide is incorporated into a 
recombinant expression vector. Accordingly, the invention 35 
also provides recombinant expression vectors comprising 
the nucleic acid molecules of the invention. As used herein, 
the term "vector" refers to a nucleic acid molecule capable 
of transporting another nucleic acid to which it has been 
linked. One type of vector is a "plasm id", which refers to a 20 
circular double stranded DNA loop into which additional 
DNA segments may be ligated. Another type of vector is a 
viral vector, wherein additional DNA segments may be 
ligated into the viral genome. Certain vectors are capable of 
autonomous replication in a host cell into which they are 25 
introduced (e.g., bacterial vectors having a bacterial origin 
of replication and episomal mammalian vectors). Other 
vectors (e.g., non-episomal mammalian vectors) are inte- 
grated into the genome of a host cell upon introduction into 
the host cell, and thereby .are replicated along with the host 30 
genome. Moreover, certain vectors are capable of directing 
the expression of genes to which they are operatively linked. 
Such vectors are referred to herein as "recombinant expres- 
sion vectors" or simply "expression vectors'*. In general, 
expression vectors of utility in recombinant DNAtechniques 35 
are often in the form of plasmids. In the present 
specification, "plasm id" and "vector" may be used inter- 
changeably as the plasmid is the most commonly used form 
of vector However, the invention is intended to include such 
other forms of expression vectors, such as viral vectors, 40 
which serve equivalent functions. 

In the recombinant expression vectors of the invention, 
the nucleotide sequence encoding the peptide compound are 
operatively linked to one or more regulatory sequences, 
selected on the basis of the host cells to be used for 45 
expression. The term "operably linked" is intended to mean 
that the sequences encoding the peptide compound are 
linked to the regulatory sequence(s) in a manner that allows 
for expression of the peptide compound. The term "regula- 
tory sequence" is intended to includes promoters, enhancers 50 
and other expression control elements (e.g., polyadenylation 
signals). Such regulatory sequences are described, for 
example, in Gocddel; Gene Expression Technology: Meth- 
ods in Enzymology 185, Academic Press, San Diego, Calif. 
(1990). Regulatory sequences include those that direct con- 55 
stitutive expression of a nucleotide sequence in many types 
of host cell, those that direct expression of the nucleotide 
sequence only in certain host cells (e.g., t issue -specific 
regulatory sequences) and those that direct expression in a 
regulatable manner (e.g., only in the presence of an inducing 60 
agent). It will be appreciated by those skilled in the art that 
the design of the expression vector may depend on such 
factors as the choice of the host cell to be transformed, the 
level of expression of peptide compound desired, etc. The 
expression vectors of the invention can be introduced into 65 
host celLs thereby to produce peptide compounds encoded by 
nucleic acids as described herein. 
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The recombinant expression vectors of the invention can 
be designed for expression of peptide compounds in 
prokaryotic or eukaryotic cells. For example, peptide com- 
pounds can be expressed in bacterial cells such as coli, 
insect cells (using baculovirus expression vectors) yeast 
cells or mammalian cells. Suitable host cells are discussed 
further in Goeddel, Gene Expression Technology: Methods 
in Enzymology 185, Academic Press, San Diego, Calif. 
(1990). Alternatively, the recombinant expression vector 
may be transcribed and translated in vitro, for example using 
T7 promoter regulatory sequences and T7 polymerase. 
Examples of vectors for expression in yeast S. cerivisae 
include pYepSecl (Baldari et al, (1987) EMBO J. 
6:229-234), pMFa (Kurjan and Herskowitz, (1982) Celt 
30:933-943), pJRY88 (Schultz et al., (1987) Gene 
54:113-123), and pYES2 (Invitrogen Corporation, San 
Diego, Calif.). Baculovirus vectors available for expression 
of proteins or peptides in cultured insect cells (e.g., Sf 9 
cells) include the pAc series (Smith et al., (1983) Mol Cell. 
Biol 3:2156-2165) and the pVL series (Lucklow, V. A., and 
Summers, M. D., (1989) Virology 170:31-39). Examples of 
mammalian expression vectors include pCDM8 (Seed, B., 
(1987) Nature 329:840) and pMT2PC (Kaufman et al. 
(1987), EMBO J. 6:187-195). When used in mammalian 
cells, the expression vector's control functions are often 
provided by viral regulatory elements. For example, com- 
monly used promoters are derived from polyoma, Adenovi- 
rus 2, cytomegalovirus and Simian Virus 40. 

In addition to the regulatory control sequences discussed 
above, the recombinant expression vectonmay . contain.addi- 
tional nucleotide sequences. For .example, -the Tecombinant 
expression vector may encode a selectable marker gene to 
identify host cells that have incorporated the vector. Such 
selectable marker genes are well known in the art. Moreover, 
the facilitate secretion of the peptide compound from a host 
cell, in particular mammalian host cells, the recombinant 
expression vector preferably encodes a signal sequence 
operatively linked to sequences encoding the amino- 
terminus of the peptide compound such that upon 
expression, the peptide compound is synthesized with the 
signal sequence fused to its amino terminus. This signal 
sequence directs the peptide compound into the secretory 
pathway of the cell and is then cleaved, allowing for release 
of the mature peptide compound (i.e., the peptide compound 
without the signal sequence) from the host cell. Use of a 
signal sequence to facilitate secretion of proteins or peptides 
from mammalian host cells is well known in t be art. 

A recombinant expression vector comprising a nucleic 
acid encoding a peptide compound that alters aggregation of 
natural p-AP can be introduced into a host cell to thereby 
produce the peptide compound in the host cell. Accordingly, 
the invention also provides host cells containing the recom- 
binant expression vectors of the invention. The tciiris "host 
cell" and "recombinant host cell* 1 are used interchangeably 
herein. It is understood that such terms refer not only to the 
particular subject cell but to the progeny or potential prog- 
eny of such a cell. Because certain modifications may occur 
in succeeding generations due to either mutation or envi- 
ronmental influences, such progeny may not, in fact, be 
identical to the parent cell, but are still included within the 
scope of the term as used herein. A host cell may be any 
prokaryotic or eukaryotic cell. For example, a peptide com- 
pound may be expressed in bacterial cells such as E. coli, 
insect cells, yeast or mammalian cells. Preferably, the pep- 
tide compound is expressed in mammalian cells. In a pre- 
ferred embodiment, the peptide compound is expressed in 
mammalian celLs in vivo in a mammalian subject to treat 
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amyloidosis in Ihc subject through gone Iherapy (discussed 
further below). Preferably, the p-amyloid peptide compound 
encoded by the recombinant expression vector is secreted 
from the host cell upon being expressed in the host cell. 

Vector DNAcan be introduced intoprokaryoticoreukary- 
otic cells via conventional transformation or transfection 
techniques. As used herein, the terms ''transformation'"' and 
"transfection" are intended to refer to a variety of art- 
recognized techniques for introducing foreign nucleic acid 
(e.g., DNA) into a host cell, including calcium phosphate or 
calcium chloride co-precipitation, DEAE-dextran-mediated 
transfection, lipofect ion, electroporation, microinjection and 
viral-mediated transfection. Suitable methods for transform- 
ing or transfecting host cells can be found in Sambrook et al. 
(Molecular Cloning: A Laboratory Manual, 2nd Edition, 
Cold Spring Harbor Laboratory press (1989)), and other 
laboratory manuals. Methods for introducing DNA into 
mammalian cells in vivo are also known in the art and can 
be used to deliver the vector DNA to a subject for gene 
therapy purposes (discussed further below). 

For stable transfection of mammalian cells, it is known 
that, depending upon the expression vector and transfection 
technique used, only a small fraction of cells may integrate 
the foreign DNA into their genome. In order to identify and 
select these integrants, a gene that encodes a selectable 
marker (e.g., resistance to antibiotics) is generally intro- 
duced into the host cells along with the gene of interest. 
Preferred selectable markers include those that confer resis- 
tance to drugs, such as G418, hygromycin and methotrexate. 
Nucleic acid encoding a selectable marker may be intro- 
duced into a host cell on the same vector as that encoding the 
peptide compound or may be introduced on a separate 
vector. Cells stably transfected with the introduced nucleic 
acid can be identified by drug selection (e.g., cells that have 
incorporated the selectable marker gene will survive, while 
the other cells die). 

A nucleic acid of the invention can be delivered to cells 
in vivo using methods known in the art, such as direct 
injection of DNA, receptor- media ted DNA uptake or viral- 
mediated transfection. Direct injection has been used to 
introduce naked DNA into cells in vivo (see e.g., Acsadi et 
al. (1991) Nature 332:815-618; Wolff et al. (1990) Science 
247:1465-1468). A delivery apparatus (e.g., a "gene gun' 1 ) 
for injecting DNA into cells in vivo can be used. Such an 
apparatus is commercially available (e.g., from BioRad). 
Naked DNAcan also be introduced into cells by complexing 
the DNA to a cation, such as polylysine, which is coupled to 
a ligand for a cell-surface receptor (see for example Wu, G. 
and Wu, C. H. (1988)7. Biol Chem. 263:14621; Wilson el 
al. (1992) J. Biol Chem. 267:963-967; and U.S. Pat. No. 
5,166,320). Binding of the DNA-ligand complex to the 
receptor facilitates uptake of the DNA by receptor-mediated 
endocylosis. Additionally, a DNA-ligand complex linked to 
adenovirus capsids which naturally disrupt endosomes, 
thereby releasing material into the cytoplasm can be used to 
avoid degradation of the complex by intracellular lysosomcs 
(see for example Curicl el al. (1991) Proc. Nail Acad. Sci. 
USA 88:8850; Cristiano et al. (1993) Proc. Natl Acad. Sci. 
USA 90:2122-2126). 

Defective retroviruses are well characterized for use in 
gene transfer for gene iherapy purposes (for a review see 
Miller, A. D. (1.990) Blood 76:271). Protocols for producing 
recombinant retroviruses and for infecting cells in vitro or in 
vivo with such viruses can be found in Current Protocols in 
Molecular Biology, Ausubel, R M. el al. (cds.) Greene 
Publishing Associates, (1989), Sections 9.10-9.14 and other 
standard laboratory manuals. Examples of suitable relrovi- 
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ruses include pLJ, pZIP, pWE and pEM which are well 
known to those skilled in the art. Examples of suitable 
packaging virus lines include ij'Crip, iJiCre, t|)2 and Tj»Am. 
Retroviruses have been used to introduce a variety of genes 
into many different cell types, including epithelial cells, 
endothelial cells, lymphocytes, myoblasts, hepatocyles, 
bone marrow cells, in vitro and/or in vivo (see for example 
Eglitis, et al. (1985) Science 230:1395-1398; Danos and 
Mulligan [19S8) Proc. Natl. Acad. Sci. USA 85:6460-6464; 
Wilson el al. (1988) Proc. Natl. Acad. Sci. USA 
85:3014-3018; Armentano et al. (1990) Proc. Natl Acad. 
Sci. USA 87:6141-6145; Huber et al. (1991) Proc. Natl 
Acad. Sci. USA 88:8039-8043; Ferry et al. (1991) Proc. 
Natl. Acad. Sci USA 88:8377^8381; Chowdhury et al. 

(1991) Science 254:1802-1805; van Beusechem et al. 

(1992) Proc. Natl. Acad. Sci. USA 89:7640-7644; Kay et al. 

(1992) Human Gene Tfierapy 3:641-647; Dai et al. (1992) 
Proc. Natl. Acad. Sci. USA 89:10892-10895; Hwu et al. 

(1993) /. Immunol 150:4104-4115; U.S. Pat. No. 4,868, 
116; U.S. Pat. No. 4,980,286; PCT Application WO 
89/07136; PCT Application WO 89/02468; PCT Application 
WO 89/05345; and PCT Application WO 92/07573). 

Alternatively, the genome of an adenovirus can be 
manipulated such that it encodes and expresses a peptide 
compound but is inactivated in terms of its ability to 
replicate in a normal lytic viral life cycle. See for example 
Berkner et al. (1988) BioTechniques 6:616; Rosenfeld et al. 

(1991) Science 252:431-434; and Rosenfeld et al. (1992) 
Cell 68:143-155. Suitable adenoviral vectors derived from 
.the ^adenovirus strain Ad .type 5 dl324 or other strains of 
adenovirus (e.g., Ad2, Ad3, Ad7 etc.) are well known to 
those skilled in the art. Recombinant adenoviruses are 
advantageous in that they do not require dividing cells to be 
effective gene delivery vehicles and can be used to infect a 
wide variety of cell types, including airway epithelium 
(Rosenfeld et al. (1992) cited supra), endothelial cells 
(Lemarchand et al. (1992) Proc. Natl. Acad. Sci. USA 
89:6482-6486), hepatocytes (Herz and Gerard (1993) Proc. 
Natl Acad. Sci. USA 90:2812-2816) and muscle cells 
(Ouantin el al. (1992) Proc. Natl Acad. Sci. USA 
89:2581-2584). Additionally, introduced adenoviral DNA 
(and foreign DNA contained therein) is not integrated into 
the genome of a host cell but remains episomal, thereby 
avoiding potential problems that can occur as a result of 
insertional mutagenesis in situations where introduced DNA 
becomes integrated into the host genome (e.g., retroviral 
DNA). 

Ade no-associated virus (AAV) can also be used for deliv- 
ery of DNA for gene therapy purposes. AAV is a naturally 
occurring defective virus that requires another virus, such as 
an adenovirus or a herpes virus, as a helper virus for efficient 
replication and a productive life cycle. (For a review see 
Mu/.yczka ot al. Curt: Tupics in Micro, and Immunol (1992) 
158:97-129). ll is also one of the few viruses that may 
integrate its DNA into non -dividing cells, and exhibits a high 
frequency of stable integration (see for example Flotte et al. 

(1992) yW//. J. Respir. Cell Mol Biol 7:349-356; Samulski 
et al. (1989)7. Virol 63:3822-3828; and McLaughlin et al. 
(1989) J. Virol 62:1963-1973). Vectors containing as little 
as 300 base pairs of AAV can be packaged and can integrate. 
An AAV vector such as that described in Tralschin et al. 
(1985) Mol Cell Biol 5:3251-3260 can be used to intro- 
duce DNA into cells. A variety of nucleic acids have been 
introduced into different cell types using AAV vectors (sec 
for example Mermonat et al. (1984) Proc. Natl Acad. Sci. 
USA 81:6466-6470; Tralschin et al. (1985) Mol Cell. Biol. 
4:2072-2081; Wondisford el al. (1988) Mol. Endocrinol. 
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2:32-39; Tratschin ct al. (1984)./. Vim/. 51:611-619; and 
Floite et al. (1993)7. Bioi Chem. 268:3781-3790). 

Tbe invention provides a method for treating a subject for 
a disorder associated with p-arnyloidosis, comprising 
administering to the subject a recombinant expression vector 5 
encoding a p-amyloid peptide compound, the compound 
comprising an amino acid sequence having at least one 
amino acid deletion compared to pAP 1 . 39 , such lhat the 
p-amyloid peptide compound is synthesized in the subject aQ 
and the subject is treated for a disorder associated with 
p -amyloidosis. Preferably, the disorder is Alzheimer's dis- 
ease. In one embodiment the recombinant expression vector 
directs expression of the peptide compound in neuronal 
cells. In another embodiment, the recombinant expression J5 
vector directs expression of the peptide compound in glial 
cells. In yet another embodiment, the recombinant expres- 
sion vector directs expression of the peptide compound in 
fibroblast cells. 

General methods for gene therapy are known in the art. 2 o 
See for example, U.S. Pat. No. 5,399346 by Anderson et al. 
A biocompatible capsule for delivering genetic material is 
described in PCT Publication WO 95/05452 by Baetge et al. 
Methods for grafting genetically modified cells to treat 
central nervous system disorders are described in U.S. Pat. 25 
No. 5,082,670 and in PCT Publications WO 90/06757 and 
WO 93/10234, all by Gage et al. Isolation and/or genetic 
modification of multipotent neural stem cells or neuro- 
derived fetal cells are described in PCT Publications WO 
94/02593 by Anderson et .al., WO 94/16718 by Weiss et al., 30 
and WO 94/23754 by Major et al. -Fibroblasts IraDsduced 
with genetic material are described in PCT Publication WO 
89/02468 by Mulligan et al. Adenovirus vectors for trans- 
fering genetic material into cells of the central nervous 
system are described in PCT Publication WO 94/08026 by 35 
Kahn et aL Herpes simplex virus vectors suitable for treating 
neural disorders are described in PCT Publications WO 
94/04695 by Kaplitt and WO 90/09441 by Geller et al. 
Promoter elements of the glial fibrillary acidic protein lhat 
can confer astrocyte specific expression on a linked gene or 40 
gene fragment, and which thus can be used for expression of 
Ap peptides specifically in astrocytes, is described in PCT 
Publication WO 93/07280 by Brenner et al. Furthermore, 
alternative to expression of an Ap peptide to modulate 
amyloidosis, an antisense oligonucleotide that is comple- 45 
mentary to a region of the p-amyloid precursor protein 
mRNA corresponding to the peptides described herein can 
be expressed in a subject to modulate amyloidosis. General 
methods for expressing antisense oh gonucleo tides to modu- 
late nervous system disorders are described in PCT Publi- 50 
cation WO 95/09236. 

Alternative to delivery by gene therapy, a peptide com- 
pound of the invention comprising an amino acid sequence 
having at least one amino acid deletion compared to pAP 1 . 39 
can be delivered to a subject by directly administering the 55 
peptide compound to the subject as described further herein 
for the modified peptide compounds of the invention. The 
peptide compound can be formulated into a pharmaceutical 
composition comprising a therapeutically effective amount 
of the p-amyloid peptide compound and a pharmaceutically 60 
acceptable carrier. The peptide compound can be contacted 
with natural p-amyloid peptides with a p-amyloid peptide 
compound such that aggregation of the natural P-amyloid 
peptides is inhibited. Moreover, the peptide compound can 
be administered to the subject in a therapeutically effective 65 
amount such that the subject is treated for a disorder 
associated with p-amyloidosis, such as Alzheimer's disease. 



VIII. Other Embodiments 

Although the invention has been illustrated hereinbefore 
with regard to Ap peptide compounds, the principles 
described, involving attachment of a modifying group(s) to 
a peptide compound, arc applicable to any amyloidogenic 
protein or peptide as a means to create a modulator com- 
pound that modulates, and preferably inhibits, amyloid 
aggregation. Accordingly, the invention provides modulator 
compounds that can be used to treat amyloidosis in a variety 
of forms and clinical settings. 

Amyloidosis is a general term used to describe pathologi- 
cal conditioas characterized by the presence of amyloid. 
Amyloid is a general term referring to a group of diverse but 
specific extracellular protein deposits which are seen in a 
number of different diseases. Though diverse in their 
occurrence, all amyloid deposits have common morphologic 
properties, stain with specific dyes (e.g., Congo red), and 
have a characteristic red-green birefringent appearance in 
polarized light after staining. They also share common 
ultra structural features and common x-ray diffraction and 
infrared spectra. Amyloidosis can be classified clinically as 
primary, secondary, familial and/or isolated. Primary amy- 
loid appears de novo without any preceding disorder. Sec- 
ondary amyloid is that form which appears as a complication 
of a previously existing disorder. Familial amyloid is a 
genetically inherited form found in particular geographic 
populations. Isolated forms of amyloid are those that tend to 
involve a single organ system. 

Different amyloids are characterized by the type of 
protein(s) or peptide(s) present in the deposit. For example, 
as described hereinbefore, amyloid deposits associated with 
Alzheimer's disease comprise the p-amyloid peptide and 
thus a modulator compound of the invention for detecting 
and/or treating Alzheimer's disease is designed based on 
modification of the p-amyloid peptide. The identities of the 
protein(s) or peptide(s) present in amyloid deposits associ- 
ated with a number of other amyloidogenic diseases have 
been elucidated. Accordingly, modulator compounds for use 
in the detection and/or treatment of these other amy- 
loidogenic diseases can be prepared in a similar fashion to 
that described herein for p-AP-de rived modulators. In vitro 
assay systems can be established using an amyloidogenic 
protein or peptide which forms fibrils in vitro, analogous to 
the Ap assays described herein. Modulators can be identified 
using such assay systems, based on the ability of the 
modulator to disrupt the p -sheet structure of the fibrils. 
Initially, an entire amyloidogenic protein can be modified or, 
more preferably, a peptide fragment thereof that is known to 
form fibrils in vitro can be modified (e.g., analogous to 
Apl-40 described herein). Amino acid deletion and substi- 
tution analyses can then be performed on the modified 
protein or peptide (analogous to the studies described in the 
Hxamples) lo delineate an aggregation coic domain that is 
sufficient, when modified, to disrupt fibril formation. 

Non-limiting examples of amyloidogenic proteins or 
peptides, and their associated amyloidogenic disorders, 
include: 

Transthyretin (TFR) — Amyloids containing transthyretin 
occur in familial amyloid polyneuropathy (Portuguese, Japa- 
nese and Swedish types), familial amyloid cardiomyopathy 
(Danish type), isolated cardiac amyloid and systemic senile 
amyloidosis. Peptide fragments of transthyretin have been 
shown to form amyloid fibrils in vitro. For example, ITR 
10-20 and TTR 105-115 form amyloid-like fibrils in 
20-30% acetonil rile/water at room temperature (Jarvis, J. 
A., et al. (1994) Inu I>ept. Proiein Res. 44:388-398). 
Moreover, familial cardiomyopathy (Danish type) is asso- 
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ciated with mutation of Leu at position J 1.1 to Met, and an 
analogue of TTR 105-115 in which the wild type Leu at 
position 111 has been substituted wilh Met (TTR 

105- 11 5Met J 1 1) also forms amyloid-like fibrils in vitro (see 
e.g., Hermansen, L. R, et al. (1995) Eur. J. Biochem. 5 
227:772-779; Jarvis el al supra). Peptide fragments of TTR 
that form amyloid fibrils in vitro are also described in Jarvis, 

J. A., et al. (1993) Biochem. Biophys. Res. Commun. 
192:991-998 and Gustavsson, A., et al. (1991) Biochem. 
Biophys. Res. Commun 1 75 : 1 1 5 9-1 1 64. A pept ide f ragmen t 30 
of wildtype or mutated transthyretin that forms amyloid 
fibrils can be modified as described herein to create a 
modulator of amyloidosis that can be used in the detection 
or treatment of familial amyloid polyneuropathy 
(Portuguese, Japanese and Swedish types), familial amyloid 35 
cardiomyopathy (Danish type), isolated cardiac amyloid or 
systemic senile amyloidosis. 

Prion Protein (PrP) — Amyloids in a number of spongi- 
form encephalopathies, including scrapie in sheep, bovine 
spongiform encephalopathy in cows and Creutzfeldt -Jakob 20 
disease (CJ) and Gerstmann-Straussler-Scheinker syndrome 
(GSS) in humans, contain PrR Limited proteolysis of PrPSc 
(the prion protein associated with scrapie) leads to a 27-30 
kDa fragment (PrP27-30) that polymerizes into rod-shaped 
amyloids (see e.g., Pan, K. M., et al. (1993) Proc. Natl. 25 
Acad. Sci. USA 90:10962-10966; Gasset, M., el al. (1993) 
Proc. Natl. Acad. Sci. USA 90:1-5). Peptide fragments of 
PrP from humans and other mammals have been shown to 
form amyloid fibrils in vitro. For example, polypeptides 
corresponding to sequences encoded by normal and mutant 30 
alleles of the PRNP gene (encoding the precursor of the 
prion protein involved in CJ), in the regions of codon 178 
and codon 200, spontaneously form amyloid fibrils in vitro 
(see e.g., Goldfarb, L. G. t et al. (1993) Proc. Natl. Acad. Sci. 
USA 90:4451^4454). A peptide encompassing residues 35 

106- 126 of human PrP has been reported to form straight 
fibrils similar to those extracted from GSS brains, whereas 
a peptide encompassing residues 127-147 of human PrP has 
been reported to form twisted fibrils resembling scrapie - 
associated fibrils (Tagliavini, F., et al. (1993) Proc. Natl. 40 
Acad. Sci. USA 90:9678-9682). Peptides of Syrian hamster 
PrP encompassing residues 109-122, 113-127, 113-120, 
178-191 or 202-218 have been reported to form amyloid 
fibrils, with the most amyloidogenic peptide being Ala-Gly- 
Ala-Ala-Ala-Ala-Gly-Ala (SEQ ID NO:17), which corre- 45 
sponds to residues 113-120 of Syrian hamster PrP but which 

is also conserved in PrP from other species (Gasset, M., et 
al. (1992) Proc. Natl. Acad. Sci. USA 89:10940-10944). A 
peptide fragment of PrP that forms amyloid fibrils can be 
modified as described herein to create a modulator of 50 
amyloidosis that can be ased in the detection or treatment of 
scrapie, bovine spongiform encephalopathy, Creutzfeldt- 
Jakob disease or Goistrnann-Stiaussler-Sciiciukei syn- 
drome. 

Islet Amyloid Polypeptide (IAPP, also known as amylin) 55 
— Amyloids containing IAPP occur in adult onset diabetes 
. and insulinoma. IAPP is a 37 amino acid polypeptide formed 
from an 89 amino acid precursor protein (see e.g., Bclshollz, 
C, et al. (1989) Exp. Cell. Res. 183:484-493; Weslernwk, 
P., et al. (1987) Proc. Natl. Acad. Sci. USA 84:3881-3885). 60 
A peptide corresponding to IAPP residues 20-29 has been 
reported to fonn amyloid-like fibrils in vitro, wilh residues 
25-29, having the sequence Ala-IIe-Leu-Ser-Ser (SEQ II) 
NO: 18), being strongly amyloidogenic (Wcstermark. P., et 
al. (1990) Proc. Natl. Acad. Sci. USA 87:5036-5040; 65 
Glenner, G. G., ci al. (1 988) Biochem. Biophys. Res. Com- 
mun. 155:608-614). A peptide fragmcnl of IAPP that forms 
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amyloid fibrils can be modified as described herein lo create 
a modulator of amyloidosis that can be used in the detection 
or treatment of adult onset diabetes or insulinoma. 

Atrial Natriuretic Factor (ANF) — Amyloids containing 
ANF are associated with isolated atrial amyloid (see e.g., 
Johansson, B., et al. (1987) Biochem. Biophys. Res. Com- 
mun. 148:1087-1092). ANF corresponds to amino acid 
residues 99-126 (proANF99-126) of the ANF prohormone 
(proANPl-126) (Pucci, A., et al. (1991) J. Pathol. 165:235- 
241). ANF, or a fragment thereof, that forms amyloid fibrils 
can be modified as described herein to create a modulator of 
amyloidosis that can be used in the detection or treatment of 
isolated atrial amyloid. 

Kappa or Lambda Light Chain — Amyloids containing 
kappa or lambda light chains are associated idiopathic 
(primary) amyloidosis, myeloma or macroglobulinemia- 
associated amyloidosis, and primary localized cutaneous 
nodular amyloidosis associated with Sjogren's syndrome. 
The structure of amyloidogenic kappa and lambda light 
chains, including amino acid sequence analysis, has been 
characterized (see e.g., Buxbaum, J. N., et al. (1990) Ann. 
Intern. Med. 112:455-464; Schormann, N., et al. (1995) 
Proc. Natl Acad. Sci. USA 92:9490-9494; Hurle, M. R., et 
al. (1994) Proc. Natl. Acad. Sci. USA 91:5446-5450; 
Liepnieks, J. J., et al. (1990) Mol. Immunol. 27:481-485; 
Gertz, M. A., et al. (1985) Scand. J. Immunol. 22:245-250; 
Inazumi, T., et al. (1994) Dermatology 189:125-128). 
Kappa or lambda light chains, or a peptide fragment thereof 
that forms amyloid fibrils, can be modified as described 
herein to create a modulator of amyloidosis .that ican fee aised 
in the detection or treatment of idiopathic (primary) 
amyloidosis, myeloma or macroglobulineraia-associated 
amyloidosis or primary localized cutaneous nodular amy- 
loidosis associated with Sjogren's syndrome. 

Amyloid A — Amyloids containing the amyloid A protein 
(AA protein), derived from serum amyloid A, are associated 
with reactive (secondary) amyloidosis (see e.g., Liepnieks, 
J. J., et al. (1995) Biochim. Biophys. Acta 1270:81-86), 
familial Mediterranean Fever and familial amyloid nephr- 
opathy with urticaria and deafness (Muckle-Wells 
syndrome) (see e.g., Linke, R. P., et al. (1983) Lab. Invest. 
48:698-704). Recombinant human serum amyloid A forms 
amyloid-like fibrils in vitro (Yamada, T., et al. (1994) 
Biochim. Biophys. Acta 1226:323-329) and circular dichro- 
ism studies revealed a predominant p sheet/turn structure 
(McCubbin, W. D., et al. (1988) Biochem J. 256:775-783). 
Scrum amyloid A, amyloid A protein or a fragment thereof 
that forms amyloid fibrils can be modified as described 
herein to create a modulator of amyloidosis that can be used 
in the detection or treatment of reactive (secondary) 
amyloidosis, familial Mediterranean Fever and familial 
amyloid nephropathy with urticaria and deafness (Muckle- 
Wells syndrome). 

Cystatin C— Amyloids containing a variant of cyslalin C 
are associated with hereditary cerebral hemorrhage with 
amyloidosis of Icelandic type. The disease is associated with 
a leucine to glycine mutation at position 68 and cystatin C 
containing this mutation aggregates in vitro (Abrahamson, 
M. and Grubb, A. (1994) Proc. Natl. Acad. Sci. USA 
91:1416-1420). Cystatin C or a peptide fragment thereof 
that forms amyloid fibrils can be modified as described 
herein to create a modulator of amyloidosis that can be used 
in the detection or treatment of hereditary cerebral hemor- 
rhage wilh amyloidosis of Icelandic type. 

p2 microglobulin — Amyloids containing (52 microglobu- 
lin ((32M) arc a major complication of long term hemodi- 
alysis (see e.g., Sleio, G., et al. (1994) Nephrol. Dial. 
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Transplant. 9:48-50; Floege, J., el al. (1992) Kidoey Int. 
Suppl. 38:S78-S85; Maury, C. P. (1990) Rheumatol. Int. 
10:1-8). The native p2M protein has been shown to form 
amyloid fibrils in vitro (Connors, L. H., et al. (1985) 
Biochem. Biophys. Res. Commun. 131:1063-1068; Ono, 5 
K., et al. (1994) Nephron 66:404-407). p2M, or a peptide 
fragment thereof that forms amyloid fibrils, can be modified 
as described herein to create a modulator of amyloidosis that 
can be used in the detection or treatment of amyloidosis 
associated with long term hemodialysis. jo 

Apolipoprotein A-I (ApoA-I) — Amyloids containing 
variant forms of ApoA-I have been found in hereditary 
non-neuropathic systemic amyloidosis (familial amyloid 
polyneuropathy III). For example, N-terminal fragments 
(residues 3-86, 1-92 and 1-93) of an ApoA-I variant having 15 
a Trp to Arg mutation at position 50 have been detected in 
amyloids (Booth, D. R., et al. (1995) QJM 88:695-702). In 
another family, a leucine to arginine mutation at position 60 
was found (Soutar, A. K., et al. (1992) Proc. Natl. Acad. Sci. 
USA 89:7389-7393). ApoA-I or a peptide fragment thereof 20 
that forms amyloid fibrils can be modified as described 
herein to create a modulator of amyloidosis that can be used 
in the detection or treatment of hereditary non-neuropathic 
systemic amyloidosis. 

Gelsolin — Amyloids containing variants of gelsolin are 25 
associated with familial amyloidosis of Finnish type. Syn- 
thetic gelsolin peptides that have sequence homology to 
wildtype or mutant gelsolins and that form amyloid fibrils in 
vitro are reported in Maury, C. P. et al. (1994) Lab. Invest 
70:558-564. A nine residue segment surrounding residue 30 
187 (which is mutated in familial gelsolin amyloidosis) was 
defined as an amyloidogenic region (Maury, et al., supra; see 
also Maury, C. P., et al. (1992) Biochem. Biophys. Res. 
Com/mm. 183:227-231; Maury, C. P. (1991)/. Clin. Invest. 
87:1195-1199). Gelsolin or a peptide fragment thereof that 35 
forms amyloid fibrils can be modified as described herein to 
create a modulator of amyloidosis that can be used in the * 
detection or treatment of familial amyloidosis of Finnish 
type. 

Procalcitonin or calcitonin — Amyloids containing 40 
procalcitonin, calcitonin or calcitonin-lilce irnmunoreactivity 
have been detected in amyloid fibrils associated with med- 
ullary carcinoma of the thyroid (see e.g., Butler, M. and 
Khan, S. (1986) Arch. Pathol. Lab. Med. 110:647-649; 
Sletten, K., et al. (1976) J. Exp. Med. 143:993-998). Cal- 45 
citonin has been shown to form a nonbranching fibrillar 
structure in vitro (Kedar, I., et al. (1976) Isr. J. Med. Sci. 
12:1137-1140). Procalcitonin, calcitonin or a fragment 
thereof that forms amyloid fibrils can be modified as 
described herein to create a modulator of amyloidosis that 50 
can be used in the detection or treatment of amyloidosis 
associated with medullary carcinoma of the thyroid. 

Fibrinogen --— Amyloids containing a variant lorin of 
fibrinogen alpha-chain have been found in hereditary renal 
amyloidosis. An arginine to leucine mutation at position 554 55 
has been reported in amyloid fibril protein isolated from 
postmortem kidney of an affected individual (Benson, M. 
D., el al. (1993) Nature Genetics 3:252-255). Fibrinogen 
alpha -chain or a peptide fragment thereof that forms amy- 
loid fibrils can be modified as described herein to create a 60 
modulator of amyloidosis that can be used in the detection 
or treatment of fibrinogen -associated hereditary renal amy- 
loidosis. 

I.ysozyme — Amyloids containing a variant form of 
lysozyme have been found in hereditary systemic amyloi- 65 
dosis. In one family the disease was associated with a 
threonine to isolcucine mutation al position 56, whereas in 
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another family the disease was associated with a histidine to 
aspartic acid mutation at position 67 (Pepys, M. B., et al. 
(1993) Nature 362:553-557). Lysozyme or a peptide frag- 
ment thereof that forms amyloid fibrils can be modified as 
described herein to create a modulator of amyloidosis that 
can be used in the detection or treatment of lysozyme- 
associated hereditary systemic amyloidosis. 

This invention is further illustrated by the following 
examples which should not be construed as limiting. A 
modulator's ability to alter the aggregation of p-arayloid 
peptide in the assays described below are predictive of the 
modulator's ability to perform the same function in vivo. 
The contents of all references, patents and published patent 
applications cited throughout this application are hereby 
incorporated by reference. 

EXAMPLE 1 

Construction of p-Amyloid Modulators 

A (3-amyloid modulator composed of an amino-terminally 
biotinylated (3-amyloid peptide of the amino acid sequence: 
D AEFRHDSGYEVHHQKLVFFAED VGSNK- 
GAJIGLMVGGW (positions 1 to 40 of SEQ ID 
NO:l) was prepared by solid-phase peptide synthesis 
using an N a -9-fiuorenylmethyIoxycarbonyl (FMOC)- 
based protection strategy as follows. Starting with 2.5 
mmoles of FMOC-Val-Waog resin, sequential addi- 
tions of each amino acid were performed using a 
four-fold excess of protected amino acids, 
1-hydroxybe.nzotriazole (H OBi) and diisopropyl carbo- 
,diijnide;(01C).jRecouplings were performed when nec- 
essary as determined by ninhydrin testing of the resin 
after coupling. Each synthesis cycle was minimally 
described by a three minute deprotection (25% 
piperidine/N-methyl-pyrrolidone (NMP)), a 15 minute 
deprotection, five one minute NMP washes, a 60 
minute coupling cycle, five NMP washes and a ninhy- 
drin test. To a 700 mg portion of the fully assembled 
peptide-resin, biotin (obtained commercially from 
Molecular Probes, Inc.) was substituted for an FMOC- 
amino acid was coupled by the above protocol. The 
peptide was removed from the resin by treatment with 
trifluoroacetic acid (TEA) (82.5%), water (5%), thio- 
anisole (5%), phenol (5%), ethanedithiol (2.5%) for 
two hours followed by precipitation of the peptide in 
cold ether. The solid was pelleted by centrifugation 
(2400 rpmxlO min.), and the ether decanted. It was 
resuspended in ether, pelleted and decanted a second 
time. The solid was dissolved in 10% acetic acid and 
lyophilized to dryness to yield 230 mg of crude bioti- 
nylated peptide. 60 mg of 1he solid was dissolved in 
25% acctonitrile (ACN)/0.1% TFA and applied to a 
C18 reversed phase high performance Jiquici chroirut- 
tography (HPLC) column. Biotinyl pAPj. 40 was eluted 
using a linear gradient of 30-45% acetonitrile/0.1% 
TFA over 40 minutes. One primary fraction (4 mg) and 
several side fractions were isolated. M lie main fraction 
yielded a mass spectrum of 4556 (matrix-assisted laser 
desorplion ionization-time of flight) which matches the 
theoretical (4555) for this peptide. 
Ap-amyloid modulator composed of an amino-terminally 
biotinylated p -amyloid peptide of the amino acid sequence: 
DAEFRI1DSGYEVHHQ (positions 1 to 15 of SEQ ID 
NO:l) was prepared on an Advanced ChcmTcch Model 
396 multiple peptide synthesizer using an automated 
protocol established by the manufacturer for 0.025 
ramole scale synthesis. Double couplings were per- 
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formed on all cycles using 2-(lH-benzolriazol-3 -yl)-l, 
1,3,3-tetramethyluroniura hexafluorophosphate 
(HBTU)/N,N-diisopropylethylamine (DIEA)/HOBl/ 
FMOC-AA in four-fold excess for 30 minutes followed 
by DIC/HOBl/FMOC-AA in four-fold excess for 45 5 
rninules. The peptide was deprotecled and removed 
from the resin by treatment with TFA/water (95%/5%) 
for three hours and precipitated with ether as described 
above. The pellet was resuspended in 10% acetic acid 
and lyophilized. The material was purified by a pre- 10 
parative HPLC using l5%-40% acetonitrile over 80 
minutes on a Vydac C18 column (21x250 mm). The 
main isolate eluted as a single symmetrical peak when 
analyzed by analytical HPLC and yielded the expected 
molecular weight when analyzed by elect rospray mass 35 
spectrometry. Result=2052.6 (2052 theoretical), 
p-amyloid modulator compounds comprising other 
regions of the p-AP amino acid sequence (e.g., an Ap 
aggregation core domain) were similarly prepared using the 
synthesis methods described above. Moreover, modulators 20 
comprising other amyloidogenic peptides can be similarly 
prepared. 

EXAMPLE 2 

25 

Inhibition of p -Amyloid Aggregation by 
Modulators 

The ability of P-amyloid modulators to inhibit the aggre- 
gation of natural p-AP when combined with the natural 
p-AP ^was examined in a ^series of .aggregation assays. 30 
Natural ?p-AP (PtAJV^) was -obtained commercially from 
Bachem (Torrance, Calif.). Amino-terminally biotinylated 
p-AP modulators were prepared as described in Example 1. 
A. Optical Density Assay 

In one assay, p-AP aggregation was measured by deter- 35 
mining the increase in turbidity of a solution of natural p-AP 
over time in the absence or presence of various concentra- 
tions of the modulator. Turbidity of the solution was quan- 
tised by determining the optical density at 400 nm (A 400 
»m) of the solution over time. 40 

The aggregation of natural p-AP in the absence of modu- 
lator was determined as follows. p-AP^^ was dissolved in 
hexafluoro isopropanol (HFIP; Aldrich Chemical Co., Inc.) 
at 2 mg/ml. Aliquots of the HFIP solution (87 /d) were 
transferred to individual 10 mmx75 mm test tubes. A stream 45 
of argon gas was passed through each tube to evaporate the 
HFIP. To the resulting thin film of peptide, dimethylsulfox- 
ide (DMSO; Aldrich Chemical Co., Inc.) (25 //I) was added 
to dissolve the peptide. A 2 mmx7 mm TEFLON™ -coated 
magnetic stir bar was added to each tube. Buffer (475 fiL of 50 
100 mM NaCl, 10 mM sodium phosphate, pH 7.4) was 
added to the DMSO solution with stirring. The resulting 
mixture was stirred continuously and I he optica] density was 
monitored at 400 nm to observe the formation of insoluble 
peptide aggregates. 55 

Alternatively, p-AP 3 _ 40 was dissolved in DMSO as 
described above at 1.6 mM (6.9 mg/ml) and aliquots (25 //l) 
were added to stirred buffer (475 //I), followed by monitor- 
ing of absorbance at 400 nm. 

For inhibition studies in which a p-amyloid modulator 60 
was dissolved in solution together with the natural p-AP, the 
modulators were dissolved in DMSO either with or without 
prior dissolution in HFIP. These compounds were then 
added to buffer with stirring, followed by addition of pAPj, 
-40 in DMSO. Alternatively, HFIP solutions of modulators 65 
were combined with p-AlY <)0 in HFIP followed by evapo- 
ration and redissolution of the mixture in DMSO. Buffer was 
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then added to the DMSO solution to initiate the assay. The 
amino-terminally biotinylated p-amyloid peptide modula- 
tors N-biolinyl-pAP^, and N-biotinyl-pAPj. a5 were tested 
at concentrations of 1% and 5% in the natural p-APj. 40 
solution. 

A representative example of the results is shown graphi- 
cally in FIG. 1, which depicts the inhibition of aggregation 
of natural p-AP 1 ^ 40 by N-biotinyl-pAP^g. In the absence 
of the modulator, the optical density of the natural p-AP 
solution showed a characteristic sigmoidal curve, with a lag 
time prior to aggregation (approximately 3 hours in FIG. 1) 
in which the A 4Q0 w „ was low, followed by rapid increase in 
the A 400 rm , which quickly reached a plateau level, repre- 
senting aggregation of the natural p amyloid peptides. In 
contrast, in the presence of as little as X% of the N-biotinyl- 
pAP^o modulator, aggregation of the natural p amyloid 
peptides was markedly inhibited, indicated by an increase in 
the lag time, a decrease in the slope of aggregation and a 
decrease in the plateau level reached for the turbidity of the 
solution (see FIG. 1). N-biotinyl-pAPj. 40 at a concentration 
of 5% similarly inhibited aggregation of the natural p 
amyloid peptide. Furthermore, similar results were observed 
when N-biotinyl-pAPj,^ was used as the modulator. These 
results demonstrate that an N-terminaliy biotinylated p-AP 
modulator can effectively inhibit the aggregation of natural 
p amyloid peptides, even when the natural P amyloid 
peptides are present at as much as a 100-fold molar excess 
concentration. 
B. Fluorescence Assay 

In a second assay, p-AP aggregation was measured using 
a fluorometric assay essentially as described in Levine, H. 
(1993) Protein Science 2:404-410. In this assay, the dye 
thioflavine T (ThT) is contacted with the p-AP solution. 
Association of ThT with aggregated p-AP, but not mono- 
men c or loosely associated p-AP, gives rise to a new 
excitation (ex) maximum at 450 nm and an enhanced 
emission (em) at 482 nm, compared to the 385 nm (ex) and 
445 nm (em) for the free dye. p-AP aggregation was assayed 
by this method as follows. Aliquots (2.9 /d) of the solutions 
used in the aggregation assays as described above in section 
A were removed from the samples and diluted in 200 [A of 
potassium phosphate buffer (50 mM, pH 7.0) containing 
thioflavin T (10 //M; obtained commercially from Aldrich 
Chemical Co., Inc.). Excitation was set at 450 nm and 
emission was measured at 482 nm. Similar to the results 
observed with the optical density assay described above in 
section A, as little as 1% of the N-biotinylated p-AP modu- 
lators was effective at inhibiting the aggregation of natural 
P amyloid peptides using this fluorometric assay. 
C Static Aggregation Assay 

In a third assay, p-AP aggregation was measured by 
visualization of the peptide aggregates using SDS- 
polyacryiaioulG gel electrophoresis (SDS-PAGE). In this 
assay, p-AP solutions were allowed to aggregate over a 
period of time and then aliquots of the reaction were run on 
a standard SDS-PAGE gel. Typical solution conditions were 
200 /<M of p-AP 3 .. 40 in PBS at 37° C. for 8 days or 200 ftM 
p-AP a in 0.1 M sodium acetate at 37° C. lor 3 days. The 
peptide aggregates were visualized by Coomassie blue stain- 
ing of the gel or, for p-AP solutions that included a bioti- 
nylated p-AP modulator, by western blotting of a filter 
prepared from the gel with a streplavidin-peroxidase probe, 
followed by a standard peroxidase assay. The p-AP aggre- 
gates arc identifiable as high molecular weight, low mobility 
bands on the gel, which arc readily distinguishable from the 
low molecular weight, high mobility p-AP monomer or 
dimer bands. 
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When natural p-APj_ 40 aggregation was assayed by this Aseriesof N-lerminally modified p-amyloid peptides was 
method in the absence of any p amyloid modulators, high synthesized using standard methods. Fully-protected resin- 
molecular weight aggregates were readily detectable on the bound peptides corresponding to Ap(l-15) and Ap(J^K)) 
gel. In contrast, when N-biotinyl-p-AP^Q modulator self- were prepared as described in Example J on Wang resin to 
aggregation was assayed (i.e., aggregation of the N-biotiny I 5 eventually afford carboxyl terminal peptide acids. Small 
peptide alone, in the absence of any natural p-AP), few if portions of each peptide resin (33 and 20 //moles, 
any high molecular weight aggregates were observed, indi- respectively) were aliquotecl into the wells of the reaction 
eating that the ability of the modulator to self -aggregate is block of an Advanced ChemTech Model 396 Multiple 
significantly reduced compared to natural p-AP. Finally, Peptide Synthesizer. The N-terminal FMOC protecting 
when aggregation of a mixture of natural p-AP^Q and in group of each sample was removed in the standard manner 
N-biotinylated p-APj.^ was assayed by this method, with 25% piperidine in NMP followed by extensive washing 
reduced amounts of the peptide mixture associated into high with NMP. The unprotected N-terminal ct-amino group of 
molecular weight aggregates, thus demonstrating that the p each peplide-resin sample was modified using one of the 
amyloid modulator is effective at inhibiting the aggregation following methods: 

of the natural D amyloid peptides. 15 Method A, coupling of modifying reagents containing 

free carboxylic acid groups: The modifying reagent (five 

EXAMPLE 3 equivalents) was predissolved in NMP, DMSO or a mixture 

A , . _ „ . of these two solvents. HOBT and DIC (five equivalents of 

Neurotoxicity Analysis of p-Amyloid Modulators each reagent) were added to |he Mytd modifier aod the 

The neurotoxicity of the P-amyloid modulators is tested in 20 resulting solution was added to one equivalent of free-araino 

a cell-based assay using the neuronal precursor cell line peptide-resin. Coupling was allowed to proceed overnight, 

PC-12, or primary neuronal cells, and the viability indicator followed by washing. If a ninhydrin test on a small sample 

3,(4,4<limethylthiazol-2-yl)2,5-diphenyl-tetrazolium bro- of peptide-resin showed that coupling was not complete, the 

mide (MTT). (See Shearman, M. S. et al. (1994) Proc. Natl coupling was repeated using l-hydroxy-7-aza benzol riazole 

Acad. ScL USA 91:1470-1474; Hansen, M. B. et al. (1989) 25 (HOAt) in place of HOBt. 

J. Immim. Methods 119:203-210). PC-12 is a rat adrenal Method B, coupling of modifying reagents obtained in 

pheochroroocytoma cell line and is available from the preactivated forms: The modifying reagent (five 

American Type Culture Collection, Rockville, Md. (ATCC equivalents) was predissolved in NMP, DMSO or a mixture 

CRL 1721). MTT (commercially available from Sigma of these two solvents and added to one equivalent of 

Chemical Co.) is a cbromogemc substrate that is converted 30 peptide-resin. Diisopropylethylamine (DIEA; sis 

from yellow to blue in viable cells, which can be detected equivalents) was added to the suspension of activated Tnodi 

spectrophotometrically. fier and peptide-resin. Coupling was allowed to proceed 

To test the neurotoxicity of a P-amyloid modulator (either overnight, followed by washing. If a ninhydrin test on a 

alone or combined with natural p-AP), cells first are plated sma11 sample of peptide-resin showed that coupling was not 

in 96-well plates at 7,000-10,000 cells/well and allowed to ' complete, the coupling was repeated, 

adhere by overnight culture at 37° C. Serial dilutions of After the second coupling (if required) the N-terminally 

freshly dissolved or "aged" modulators (either alone or modified peptide-resins were dried at reduced pressure and 

combined with natural p-AP) in phosphate buffered saline cleaved from the resin with removal of side-chain protecting 

(PBS) are added to the wells in triplicate and incubation is 4Q groups as described in Example 1. Analytical reversed-phase 

continued for two or more days. Aged modulators are HPLC was used to confirm that a major product was present 

prepared by incubating an aqueous solution of the modulator in the resulting crude peptides which were purified using 

at 37° C. undisturbed for a prolonged period (e.g., five days Millipore Sep-Pak cartridges or preparative reverse-phase 

or more). For the final two hours of exposure of the cells to HPLC. Mass spectrometry was used to confirm the presence 

the modulator preparation, MTT is added to the media to a 45 of the desired compound in the product, 

final concentration of 1 mg/ral and incubation is continued " Method A was used to couple N-acetylneuraminic acid, 

at 37° C. Following the two hour incubation with MTT, the cholic acid, trans-4-cotininecarboxylic acid, 2-imino-l- 

media is removed and the cells are lysed in isopropanol/0.4N imidazolidineacetic acid, (S)-(-)-indoline-2-carboxylic 

HCI with agitation. An equal volume of PBS is added to each ac j^ (-)-menthoxyacetic acid, 2-norbornaneacetic acid, 

well and the absorbance of each well at 570 nm is measured 50 y-oxo-5-acenaphthenebutyric acid, (-)-2-oxo-4- 

to qua n tit ate viable cells. Alternatively, MTT is solubilized " thiazolidinecarboxylic acid, and letrahydro-3-furoic acid, 

by addition of 50% N,N-dimethyl formamide/20% sodium Method B was used to couple 2-iminobiotin-N- 

dodecyl sulfate added directly lo the media in the vwlls hydroxyNiiccii;in;uic csier, dictliylcm:liianiincpcntaacctic 

viable cells are likewise quantilated by measuring absor- dianhydride, 4-morpholinecarbonyl chloride, 

bance at 570 nm. The relative neurotoxicity of a p-amyloid 5? 2 -thiophene acetyl chloride, and 2-lhiophenesulfonyl chlo- 

modulator (either alone or in combination with natural r jd e 

P-AP) is ^ le " ni " c d b y ™ m P ar *° n '° na,ural ^ ;,lo 1 nc In a manner similar to the construction of N-.crminally 

(e.g., 01-40, pi-42), winch exhibits neurotoxicity this modified Am _ 15) and AM peplides described above , 

assay and thus can serve as a pos.nve control. N-fluoresceinyl Ap(l-15) and Ap(l-40) were prepared in 

EXAMPLE 4 60 lW ° a ^ ernanvc n^nners using the preactivated reagents 

5-(and 6)-carboxyiluorescein succinimidyl ester and 

Synthesis of Additional Modified P-Amyloid nuc.rescein-5-i.sothiocyanate (F1TC Isomer I). Both reagents 

Peptide Compounds werc ootainc( ' ' rom Molecular Probes Inc. Couplings were 

performed using four equivalents of reagent per equivalent 

In this example, a series of modified p-APs, having a 65 of peptide-resin with DIEA added to make the reaction 

variety of N-terminal or random side chain modifications solution basic to wet pH paper. Couplings of each reagent to 

were synthesized. Ap(J-J.5)-rcsin appeared lo be complete after a single 
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overnight coupling. Coupling lo Ap(l— 40)-resin was slower 
as indicated by a positive niuhydrin test and both reagents 
were recoupled to this peplide-resin overnight in 
letrahydromran-NMP (1:2 v/v). The resulting N-terminally 
modified peptide -resins were cleaved, deprotected and puri- 
fied as described in Example A. 

In addition to the N- fluoresce in yl A|3 peptides described 
above, a p-amyloid modulator comprised of random modi- 
fication of Ap(l-40) with fluorescein was prepared. 
Ap(l-40) purchased from Bachem was dissolved in DMSO 
at approximately 2 mg/tnL. 5-( a nd-6)-Carboxy fluorescein 
purchased from Molecular Probes was added in a 1.5 molar 
excess and DIEA was added to make the solution basic to 
wet pH paper. The reaction was allowed to proceed for 1 
hour at room temperature and was then quenched with 
triethanol amine. The product was added to assays as this 
crude mixture. 

p-amyloid modulator compounds comprising other 
regions of the p-AP amino acid sequence (e.g., an A(3 
aggregation core domain) were similarly prepared using the 
synthesis methods described above. Moreover, modulators 
comprising other amyloidogenic peptides can be similarly 
prepared. 

EXAMPLE 5 
Identification of Additional p-Amyloid Modulators 

In this Example, two assays of Ap aggregation were used 
to identify p-amyloid modulators which can inhibit this 
process. 

The first assay is referred to as a seeded static assay (SSA) 
and was performed as follows: 

To prepare a solution of Ap monomer, the appropriate 
quantity of Ap(l-40) peptide (Bachem) was weighed out on 
a micro-balance (the amount was corrected for the amount 
of water in the preparation, which, depending on lot number, 
was 20-30% w/w). The peptide was dissolved in Y25 volume 
of dimethysu If oxide (DMSO), followed by water to l A 
volume and Vi volume 2x PBS (lOx PBS: NaCI 137 mM, 
KC1 2.7 mM Na 2 HP0 4 .7H 2 0 4.3 mM, KH 2 P0 4 1.4 mM pH 
7.2) to a final concentration of 200 /iM. 

To prepare a stock seed, 1 ml of the above Ap monomer 
preparation, was incubated for 8 days at 37° C. and sheared 
sequentially through an 18, 23, 26 and 30 gauge needle 25, 
25, 50, and 100 times respectively. 2 /d samples of the 
sheared material was taken for fluorescence measurements 
after every 50 passes through the 30 gauge needle until the 
fluorescence units (FU) had plateaued (approx. 100-150x). 

To prepare a candidate inhibitor, the required amount of 50 
candidate inhibitor was weighed out and the stock dissolved 
in J x PBS to a final concentration of 1 mM (1 Ox stock). If 
insoluble, it was dissolved in Vjo volume of DM SO and 
diluted in lx PBS to 1 mM. A further Vjo dilution was also 
prepared to test each candidate at both 100 //M and 10 //M. 55 

For the aggregation assay, each sample was set up in 
triplicate [50 /d of 200 //M monomer, 125 FU sheared seed 
(variable quantity dependent on the batch of seed, routinely 
3-6 /d), 10 //I of lOx inhibitor solution, final volume made 
up to 100 ft\ with lx PBS]. Two concentrations of each 
inhibitor were tested 100 //M and 1 0 //M, equivalent to a 1 :1 
and a 1:10 molar ratio of monomer to inhibitor. The controls 
included an unseeded reaction to confirm that the fresh 
monomer contained no seed, and a seeded reaction in the 
absence of inhibitor, as a reference to compare against 
putative inhibitors. The assay was incubated at 37° C. for 6 
h, taking 2 /d samples hourly for fluorescence measure- 
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ments. To measure fluorescence, a 2 //l sample of Ap was 
added to 400 //l of Tfaiofiavin-T solution (50 mM Potassium 
Phosphate 10 mM Thioflavin-T pH 7.5). The samples were 
vortexed and the fluorescence was read in a 0.5 ml micro 
quartz cuvette at EX 450 nm and EM 482 nm (Hitachi 4500 
Fluorimeter). p -aggregation results in enhanced emission of 
Thioflavin-T Accordingly, samples including an effective 
inhibitor compound exhibit reduced emission as compared 
to control samples without the inhibitor compound. 

The second assay is referred to as a shaken plate aggre- 
gation assay and was performed as follows: 

Ap(l-40) peptide from Bachem (Torrance, Calif.) was 
dissolved in HFIP(l,l,l,3,3,3-Hexafluoro-2-propanol; Aid- 
rich 10,522-8) at a concentration of 2 mg pep tide/ml and 
incubated at room temperature for 30 min. HFIP solubilized 
peptide was sonicated in a waterbath sonicator for 5 min at 
highest setting, then evaporated to dryness under a stream of 
argon. The peptide film was resuspended in anhydrous 
dimethylsulfoxide (DMSO) at a concentration of 6.9 mg/ml, 
sonicated for 5 min as before, then filtered through a 0.2 
micron nylon syringe filter (VWR cat. No. 28196-050). 
Candidate inhibitors were dissolved directly in DMSO, 
generally at a molar concentration 4 times that of the 
AP(1~40) peptide. 

Candidates were assayed in triplicate. For each candidate 
to be tested, 4 parts AP(1^0) peptide in DMSO were 
combined with 1 part candidate inhibitor in DMSO in a glass 
vial, and mixed to produce a 1:1 molar ratio of Ap peptide 
to .candidate. For different molar xatios, candidates were 
diluted with DMSO prior to -addition to Ap(l-40), in order 
to keep the final DMSO and Ap(l^M)) concentrations con- 
stant. Into an ultra low binding 96 well plate (Corning Costar 
cat. No. 2500, Cambridge Mass.) 100 //l PTL buffer (150 
mM NaCI, 10 mM NaH 2 P0 4 ; pH 7.4) was aliquotted per 
well. For each candidate, 10 /til of peptide mixture in DMSO 
was aliquotted into each of three wells containing buffer. 
The covered plate was vigorously vortexed on a plate shaker 
at high speed for 30 seconds. An additional 100 /d of PTL 
buffer was added to each well and again the plate was 
vortexed vigorously for 30 sec. Absorbance at 405 nm was 
immediately read in a plate reader for a baseline reading. 
The plate was returned to the plate shaker and vortexed at 
moderate speed for 5 hours at room temperature, with 
absorbance readings taken at 15-20 min intervals. Increased 
absorbance indicated aggregation. Accordingly, effective 
inhibitor compounds cause a decrease in absorbance in the 
test sample as compared to a control sample without the 
inhibitor compound. 

Representative results of the static seeded assay and 
shaken plate assay with preferred p-amyloid modulators are 
shown below in Tabic I. 

TABLE I 
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Can- 
didate 

In- Ap Amino Modifying 
hibitor Acids Reagent 



Effect in 
shaken 
plate 
assav 



Effect in 
Seeded 
Static 
Assay* 



174 Apl-15 Cholicacid 



ApjJ-15 Dicthyicnc- 

trmminc pen in 
acetic acid 

Apl-lS (-)-Menthoxy 



Complete 
inhibi- 
tion at 
300% 
cone 

Decreased 
Phi tea 11 

None 
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Effect in 
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sbaken 


Seeded 


In- 


Afi Amino Modifying 


plate 


Static 


hibitor 


Acids 


Reagent 


assay 


Assay* 






acetic acid 






390 


A(5M5 


Fluor escein 
carboxylic acid 
(F1CO) 


Decreased 
Plateau 


++ 


220 


A(il6-40 


NH 2 — EVHHHHQQK- 


Complete 


++ 




mutant 


[AfJ(l6-40»COOH 
(SEQ ID N0:16) 


inhibi- 
tion at 
300%, 
increased' 
lag at 10% 




224 


Apl-40 
mutant 




Increased 


++ 


233 


A60-2O 


Acetic acid 


acceler- 
ated 

aggrega- 
tion at 
10% cone 


++ 
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*++ = A strong inhibitor of aggregation. The rate of aggregation in the 
presence of the inhibitor was decreased compared to the control by at least 
30 . 50% 

These results indicate that p-APs modified by a wide 
variety of N-terminal modifying groups are effective at 
modulating p-amyloid aggregation. 

EXAMPLE 6 

•Additional ^Amyloid -Aggregation Assays 

Most preferably, the ability of p-amyloid modulator com- 
pounds to modulate (e.g., inhibit or promote) the aggrega- 
tion of natural p-AP when combined with the natural p-AP 
is examined in one or both of the aggregation assays 
described below. Natural P-AP (P-AP 3 _ 40 ) for use in the 
aggregation assays is commercially available from Bachem 
(Torrance, Calif.). 
A. Nucleation Assay 

The nucleation assay is employed to determine the ability 
of test compounds to alter (e.g. inhibit) the early events in 
formation of p-AP fibers from monomelic p-AP. Character- 
istic of a nucleated polymerization mechanism, a lag time is 
observed prior to nucleation, after which the peptide rapidly 
forms fibers as reflected in a linear rise in turbidity. The time 
delay before polymerization of P-AP monomer can be 
quantified as well as the extent of formation of insoluble 
fiber by light scattering (turbidity). Polymerization reaches 
equilibrium when the maximum turbidity reaches a plateau. 
The turbidity of a solution of natural p-AP in the absence or 
presence of various concentrations of a p-amyloid modula- 
tor compound is determined by measuring the apparent 
absorbance of the solution <tl 405 11m (A, j05 nm ) over time. 
The threshold of sensilivity for the measurement of turbidity 
is in the range of 15-20 //M p-AP. A decrease in turbidity 
over time in the presence of the modulator, as compared to 
the turbidity in the absence of the modulator, indicates that 
the modulator inhibits formation of p-AP fibers from mono- 
meric p-AP. This assay can be performed using stirring or 
shaking to accelerate polymerization, thereby increasing the 
speed of the assay. Moreover the assay can be adapted to a 
96-well plate formal to screen multiple compounds. 

To perform the nucleation assay, first Af^..^ peptide is 
dissolved in HHP (1,1,1 333-Hcxafluoro-2-propanol; Aid- 
rich 10,522-8) at a concentration of 2 mg peptide/ml and 
incubated at room temperature for30min. IIFIP-solubilized 
peptide is sonicated in a watcrbath sonicator for 5 min at 



highest setting, then evaporated to dryness under a stream of 
argon. The peptide film is resuspended in anhydrous dim- 
ethylsulfoxide (DMSO) at a concentration of 6.9 mg/ml 
(25 x concentration), sonicated for 5 min as before, then 
filtered through a 0.2 micron nylon syringe filter (VWR cat. 
No. 28196-050). Test compounds are dissolved in DMSO at 
a lOOx concentration. Four volumes of 25x Apj^ 0 peptide 
in DMSO are combined with one volume of test compound 
in DMSO in a glass vial, and mixed to produce a 1:1 molar 
ratio of Ap peptide to test compound. For different molar 
ratios, lest compounds are diluted with DMSO prior to 
addition to Apj. 40 , in order to keep the final DMSO and 
y\Pi-4o concentrations constant. Control samples do not 
contain the test compound. Ten microliters of the mixture is 
then added to the bottom of a well of a Corning Costar ultra 
low binding 96- well plate (Coming Costar, Cambridge 
Mass.; cat. No. 2500). Ninety microliters of water is added 
to the well, the plate is shaken on a rotary shaken at a 
constant speed at room temperature for 30 seconds, an 
additional 100 /d of 2x PTL buffer (20 mM NaH 2 P0 4 , 300 
mM NaCl, pH 7.4) is added to the well, the plate is reshaken 
for 30 seconds and a baseline (t=0) turbidity reading is laken 
by measuring the apparent absorbance at 405 nm using a 
Bio-Rad Model 450 Microplate Reader. The plate is Ihen 
returned to the shaker and shaken continuously for 5 hours. 
Turbidity readings are taken at 15 minute intervals. 

p-amyloid aggregation in the absence of any modulators 
results in enhanced turbidity of the natural p-AP solution 
(i.e., an increase in the apparent absorbance at 405 nm over 
time). Accordingly, a solution including an effective inhibi- 
tory modulator compound exhibits reduced turbidity as 
compared to the control sample without the modulator 
compound (i.e., less apparent absorbance at 405 nm over 
time as compared to the control sample). 
B. Seeded Extension Assay 

The seeded extension assay can be employed to measure 
the rate of Ap fiber formed in a solution of Ap monomer 
following addition of polymeric Ap fiber "seed". The ability 
of lest compounds to prevent further deposition of mono- 
melic Ap to previously deposited amyloid is determined 
using a direct indicator of p-sbeet formation using fluores- 
cence. In contrast with the nucleation assay, the addition of 
seed provides immediate nucleation and continued growth 
of preformed fibrils without the need for continuous mixing, 
and thus results in the absence of a lag time before poly- 
merization starts. Since this assay uses static polymerization 
conditions, the activity of positive compounds in the nucle- 
ation assay can be confirmed in this second assay under 
different conditions and with an additional probe of amyloid 
structure. 

50 In the seeded extension assay, monomeric Apj.^ is 
incubated in the presence of a "seed" nucleus 
(approximately ten mole percent of Ap that hus been pre- 
viously allowed to polymerize under com rolled static 
conditions). Samples of the solution are then diluted in 

55 thioflavin T (Tb-T). The polymer-specific association of 
Th-T with AP produces a fluorescent complex thai allows 
the measurement of the extent of fibril formation (Levine, H. 
(1993) Protein Science 2:404-410). In particular, associa- 
tion of Th-T with aggregated p-AP, but not monomeric or 

60 loosely associated p-AP, gives rise to a new excitation (ex) 
maximum at 450 nm and an enhanced emission (em) at 482 
nm, compared to the 385 nm (ex) and 445 nm (em) for the 
free dye. Small aliquots of the polymerization mixture 
contain sufficient fibril to be mixed with Th-T to allow the 

65 monitoring of the reaction mixture by repealed sampling. A 
linear growth curve is observed in the presence of excess 
monomer. The formation of thioflavin T responsive |>-shcel 
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fibrils parallels the increase in turbidity observed using the 
nucleation assay. 

A solution of Ap monomer for use in the seeded extension 
assay is prepared by dissolving an appropriate quantity of 

i-4Q peptide in V25 volume of dimethylsulfoxidc (DMSO), 
followed by water to Vi volume and Vf» volume 2x PBS (lOx 
PBS: NaCl 137 mM, KC1 2.7 mM Na 2 HP0 4 .7H 2 0 4.3 raM, 
KJ1 2 P0 4 1.4 mM pH 7.2) to a final concentration of 200 //M. 
To prepare the stock seed, 1 ml of the Ap monomer 
preparation, is incubated for approximately 8 days at 37° C. 
and sheared sequentially through an 18, 23, 26 and 30 gauge 
needle 25, 25, 50, and 100 times respectively. 2 /d samples 
of the sheared material is taken for fluorescence measure- 
ments after every 50 passes through the 30 gauge needle 
until the fluorescence units (FU) plateau (approx. 100-1 50x 
). Test compounds are prepared by dissolving an appropriate 
amount of test compound in Ix PBS to a final concentration 
of 1 mM (lOx stock). If insoluble, the compound is dis- 
solved in V10 volume of DM SO and diluted in lx PBS to 1 
mM. A further Vjo dilution is also prepared to test each 
candidate at both 100 //M and 10 pM. 

To perform the seeded extension assay, each sample is set 
up with 50 /A of 200 fM monomer, 125 FU sheared seed (a 
variable quantity dependent on the batch of seed, routinely 
3-6 //I) and 10 of lOx modulator solution. The sample 
volume is then adjusted to a final volume of 100 ju\ with lx 
PBS. Two concentrations of each modulator typically are 
tested: 100 //M and 10 ^M, equivalent to a 1:1 and a 1:10 
molar ratio of monomer to modulator. The controls include 
an unseeded reaction to confirm that the fresh monomer 
contains no seed, and a seeded reaction in the absence of any 
modulators, as a reference to compare against candidate 
modulators. The assay is incubated at 37° C. for 6 h, taking 
2 /d samples hourly for fluorescence measurements. To 
measure fluorescence, a 2 /d sample of AP is added to 400 
//I of Thioflavin-T solution (50 mM Potassium Phosphate 10 
mM Thioflavin-T pH 7.5). The samples are vortexed and the 
fluorescence is read in a 0.5 ml micro quartz cuvette at EX 
450 nm and EM 482 nm (Hitachi 4500 Fluoriraeter). 

p-amyloid aggregation results in enhanced emission of 40 
Thioflavin-T. Accordingly, samples including an effective 
inhibitory modulator compound exhibit reduced emission as 
compared to control samples without the modulator com- 
pound. 



EXAMPLE 7 

Effect of Different Amino Acid Subregions of A(3 
Peptide on the Inhibitory Activity of (3-Amyloid 
Modulator Compounds 

To determine the effect of various subregions of Apj.^ on 
the inhibitory activity of a a p-amyloid modulator, overlap- 
ping Ap peptide 15 mers were constructed. I '"or c;»ch 15 iv:;:r. 
four different amino-terminal modifiers were tested: a cholyl 
group, an iminobiotinyl group, an N-acetyl ncuraminyl 
group ( NANA) and a 5-(and 6-)-carboxy fluoresce in yl group 
(F1CO). The modulators were evaluated in the nucleation 
and seeded exiension assays described in Example 6. 

The results of the nucleation assays are summarized 
below in Table II. The concentration of Ap.,^ 0 used in the 
assays was 50 //M. The "mole %" value listed in Table 11 
refers to the % concentration of the test compound relative 
to A(3,., I0 . Accoalingly, 100% indicates thai Ap,^, and the 
test compound were equimolar. Mole % values less than 
100% indicate that Ap UA0 was in molar excess relative to the 
test compound (e.g., 10% indicates that Ap^^ was in 
10-fold molar excess relative to the test compound). The 
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results of the nucleation assays for each lest compound are 
presented in Table II in two ways. The "fold increase in lag 
time j; , which is a measure of the ability of the compound to 
delay the onset of aggregation, refers to the ratio of the 
observed lag time in the presence of the test compound to the 
observed lag time in the control without the test compound. 
Accordingly a fold increase in lag time of 1.0 indicates no 
change in lag time, whereas numbers >1.0 indicate an 
increase in lag time. The "% inhibition of plateau", which is 
a measure of the ability of the compound to decrease the 
total amount of aggregation, refers to the reduction of the 
final turbidity in the presence of the test compound 
expressed as a percent of the control without the test 
compound. Accordingly, an inhibitor that abolishes aggre- 
gation during the course of the assay will have a % inhibition 
of 100. N-terminally modified Ap subregions which exhib- 
ited inhibitory activity are indicated in bold in Table II. 

TABLE II 
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Fold 



Reference 


N- terminal 


A|J 


Mole 


Increase 


% Inhibition 


# 


Modification 


Peptide 


% 


in Lag Time 


of Plateau 


PPI-174 


cholyl 




100 


>4.5 


100 


PPI-264 


cholyl 


AfW 


100 


>4.5 


100 


PPI-269 


cholyl 




100 


1.5 


~0 


PPI-274 


cholyl 




100 


>4.5 


100 


PPI-279 


cholyl 




100 


1.6 


51 


PPI-284 


cholyl 




100 


>4.5 


87 


PPI-173 


NANA 




100 


-1 


-0 


PPI-266 


NANA 


AP«o 


100 


1.3 


64 


PPI-271 


NANA 




100 


1.3 


77 


PPI-276 


NANA 




100 


-1 


-~0 


PPI-281 


NANA 


A02I-55 


100 


-1 


53 


PPI-286 


NANA 


A|5 2 ^4o 


100 


1.3 


-0 


PPM72 


Iminobiotinyl 


Ap,.^ 


100 


1.2 


-4) 


PPI-267 


Iminobiotinyl 


AP 62 0 


100 


1.6 


44 


PPI-272 


Iminobiotinyl 


APu-25 


100 


1.2 


40 


PPI-277 


Iminobiotinyl 


AP 16-30 


100 


1.2 


55 


PPI-282 


Iminobiotinyl 


Afel-SS 


100 


~1 


66 


PPI-267 


Iminobiotinyl 


Ap>6-40 


100 


2.3 


-0 


PPI-190 


FICO 


A Pi- 15 


100 


~1 


30 


PPI-268 


FICO 


APe-20 


100 


1.9 


~0 


PPI-273 


FICO 


APu-25 


100 


1.7 


34 


PPI-27S 


FICO 


APjs-^o 


100 


1.6 


59 


PPI-283 


FICO 


AP21-35 


100 


1.2 


25 


PFI-288 


FICO 


AP 2 ^40 


100 


2 


75 



These results indicate that certain subregions of Apj.^, 
when modified with an appropriate modifying group, are 
effective at inhibiting the aggregation of Ap a ^ 0 . A cholyl 
group was an effective modifying group for several subre- 
gions. Cholic acid alone was tested for inhibitory activity but 
had no effect on Ap aggregation. The Ap 6 _2o subregion 
exhibited high levels of inhibitory activity when modified 
with several different modifying groups (cholyl, NANA, 
hjiiaohioliiiyl), with dioiy]-A[:>^ 20 (PPJ -204) being the most 
active form. Accordingly, this modulator compound was 
chosen for further analysis, described in Example 8. 

EXAMPLE 8 

Identification of a Five Amino Acid Subregion of 
A(5 Peptide Sufficient for Inhibitory Activity of a p- 
Amyloid Modulator Compound 

To further delineate a minimal subregion of cholyl-Ap^Q 
sufficient lor inhibitory activity, a series of amino terminal 
and carboxy terminal amino acid deletions of cholyl-Ap 6 . 20 
were constructed. The modulators all had the same cholyl 
ammo-terminal modification. Additionally, for the peptide 
series having carboxy terminal deletions, the carboxy ler- 
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minus was further modified to an amide. The modulators 
were evaluated as described in Example 7 and the results arc 
summarized below in Table III, wherein the data is presented 
as described in Example 7. 

TABLE III 
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Ref. # 
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PPI-264 


cholyl 






300 


>4.5 


100 










10 


n 


43 


PPI-341 


cholyl 


AP7-2O 




100 


>4.5 


100 










33 




-0 


PPI-342 


cholyl 






100 


1.5 


-0 










33 


2.3 


~0 


PPI-343 


cholyl 






33 


2.0 


~0 


PPI-344 


cholyl 


APio-20 




3? 


2.3 


-0 


PPI-345 


cholyl 


APn-20 




33 


1.5 


~0 


PPI-346 


cholyl 


A012-2O 




33 


2.3 


~0 


PPI-347 


cholyl 


AfVa-20 




33 


2.6 


-0 


PPI-348 


cholyl 






33 


2.0 


49 


PPI-349 


cholyl 


A Pl5 20 




33 


2.3 


50 


PPI-350 


cholyl 


Af* 10 20 




3S 


3.4 


23 


PPI-296 


cholyl 




amide 


33 


3.3 


-0 


PPI-321 


cholyl 


ArV 19 


amide 


33 


1.4 


-0 


PPI-325 


cholyl 


AfVl7 


amide 


33 


1.8 


~0 


PPI-331 


cholyl 


AfVn 


amide 


33 


1.0 


29 


PPI-339 


cholyl 


Af^io 


amide 


33 


1.1 


13 
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These results indicate that activity of the modulator is 
maintained when amino acid residue 6 is removed from the 
amino terminal end of the modulator (i.e., cholyl-Ap 7 _ 20 
retained activity) but activity is lost as the peptide is deleted 
further at the amino-terminal end by removal of amino acid 
position 7 through to amino acid position 12 (i.e., cbolyl- 
Apg.20 through cholyl-Ap 33 . 20 did inhibit the plateau level 
of Ap aggregation). However, further deletion of amino acid 
position 13 resulted in a compound (i.e., cholyl -Ap 4 _ 20 ) in 
which inhibitory activity is restored. Furthermore, additional 
deletion of amino acid position 14 (i.e., cholyl- Ap is , 20 ) or 
positions 14 and 15 (i.e., cholyl-Ap a6 _ 20 ) still maintained 
inhibitory activity. Thus, amino terminal deletions of Ap 6 _ 20 
identified Ap a6 ,2o as a minimal subregion which is sufficient 
for inhibitory activity when appropriately modified. In 
contrast, carboxy terminal deletion of amino acid position 
20 resulted in loss of activity which was not fully restored 
as the peptide was deleted further at the carboxy -terminal 
end. Thus, maintenance of position 20 within the modulator 
may be important for inhibitory activity. 

EXAMPLE 9 

Identification of a Four Amino Acid Stibrcpion of 
Afi Popiidc Sufficient for inhibitory Activity of a p- 
Amyloid Modulator Compound 

In this example, the smallest effective modulator identi- 
fied in the studies described in Example 8, cholyl-Ap 16 _ 20 
(PPI-350), was analyzed further. Additional amino- and 
carboxy-lerminal deletions were made with cbolyl-Ap^^, 
as well as an amino acid substitution (Val J£t ->Thr), to 
identify the smallest region sufficient for the inhibitory 
activity of the modulator. A peptide comprised of five 
alanine residues, (Ala) 5 ; SEQ ID NO:35, modified at its 
amino-lcrminus with cholic acid, was used as a specificity 
control. The modulators were evaluated as described in 
Example 7 and the results arc summarized below in Table 
IV, wherein the data is presented as described in Example 7. 



30 



35 



40 



45 



55 



58 



TABLE IV 





Ni- 




C- 




Fold 


r /o 




le rm. 




Term. 


Mole 


Increase 


Inhibition 


Ref. # 


Mod. 


Peptide 


Mod. 


% 


in Lag Time 


of Plateau 


PPI-264 


cholyl 






30 


2.0 


43 


PPI-347 


cholyl 






10 


2.2 


r» / 


PPI-349 


cholyl 






jOO 


>5.0 


300 










33 


2.6 


35 










10 


2.3 


—0 


PFI-350 


cholyl 






300 


>5.0 


300 










30 


2.4 


40 


PPI-368 


cholyl 


APl7-21 


— 


300 


>5.0 


300 


PPI-374 


uiiino 


A Pl6-20 




300 


1.3 


86 




biotinyl 












PPI-366 


cholyl' 


A Pl5-l9 




300 


3.3 


~0 










30 


1.6 


~0 


PPI-369 


cholyl 


A P 16-20 




300 


~1 


-0 






(Val 18 -> 














Thr) 










PPi-370 


cholyl 


A Pl6-20 




300 


2.6 


73 






(Phe 19 -> 














Ala) 










PPI-365 


cholyl 


(Ala), 




300 


~1 


~0 


PPI-339 


cholyl 




amide 


33 


5.6 


-0 










30 


2.7 


-0 


PPI-321 


cholyl 


Apio-ip 


amide 


300 


1.2 


~0 


PPI-377 




APio-20 




300 


-1 


~0 



As shown in Table IV, cholyl-Ap j6 . 20 (PPI-350) and 
choIyl-A(5 J7 . 2J (PPI-368) both exhibited inhibitory activity, 
indicating that the four-amino acid minimal subregion of 
posit ions .17-20 is 'sufficient for inhibitory activity. Loss of 
.positioD.20 (e.g., in PPI-366,and PPI-321) resulted in loss of 
inhibitory activity, demonstrating the importance of position 
20. Moreover, mutation of valine at position 18 to threonine 
(in PPI-369) also resulted in loss of activity, demonstrating 
the importance of position 18. In contrast, mutation of 
phenylalanine at position 19 to alanine (cholyl-Ap 16 _ 20 
Pbe 39 _>AIa; PPI-370) resulted in a compound which still 
retained detectable inhibitory activity. Accordingly, the phe- 
nylalanine at position 19 is more amenable to substitution, 
preferably with another hydrophobic amino acid residue. 
Cholyl-penta-alanine; SEQ ID NO:35 (PPI-365) showed no 
inhibitory activity, demonstrating the specificity of. the Ap 
peptide portion of the modulator. Moreover, unmodified 

16-20 (PPI-377) was not inhibitory, demonstrating the 
functional importance of the amino-terminal modifying 
group. The specific functional group influenced the activity 
of the modulator. For example, iminobiotinyl-Ap iei _ 20 (PPI- 
374) exhibited inhibitory activity similar to cholyl-Ap 36 _ 20 , 
whereas an N-acetyl neuraminic acid (NANA)-rnodified 
Apj 6 . 20 was not an effective inhibitory modulator (not listed 
in Table IV). A C-terminal amide derivative of cholyl-Ap J6 _ 
20 (PPI-319) retained high activity in delaying the lag time 
of aggregation, [rtdicaiing irui! the carboxy-tcrmimis of the 
modulator can be derivatized without loss of inhibitory 
activity. Although this amide-derivatized compound did not 
inhibit the overall plateau level of aggregation over time, the 
compound was not tested at concentrations higher than mole 
33%. Higher concentrations of the amide-derivatized com- 
pound are predicted to inhibit the overall plateau level of 
aggregation, similar to cholyl -A p 16 _ 20 (PPI-350). 

EXAMPLE 10 

Effect of p-Amyloid Modulators on the 
Neurotoxicity of Natural p-Amyloid Peptide 
Aggregates 

The neurotoxicity of natural [3-amyloid peptide 
aggregates, in either the presence or absence of a P-amyloid 
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modulator, is tested in a cell -based assay using either a rat was assessed as a measure of aggregation and 2) the solution 

or human neuronally-derived cell line (PC- 12 cells or NT-2 was applied to cultured neuronal cells for 48 hours at which 

cells, respectively) and the viability indicator 3,(4,4- time cell viability was assessed using MTJ' to determine the 

dimetbyllhiazol-2-y])2,5-diphenyl-tetrazolium bromide neurotoxicity of the solution. The results of the turbidity 

(MTT). (See e.g., Shearman, M. S. et al. (1994) Proc. Nail 5 analysis arc shown in FIG. 4, panels A, B and C. In panel A, 

Acad. Set. USA 91:1470-1474; Hansen, M. B. et al. (1989) A p j 4o and c holyl-A|V 20 were both present at 64 //M. In 

/. Immun. Methods 119:203-210 for a description of similar pane] B A p j ^ waspr esent at 30//M and cholyl-A[3 6 _ 20 was 

cell-based viability assays). PC-12 is a rat adrenal pheo- prcscDt at 64 //M In panel c> ^ was present at 10/|M 

chromocytoma cell line and is available from the American ancj c bolyl-Ap 6 ^ 0 was present at 64 /<M. These data show 

Type Culture CoQection, Rockville, Md. (ATCCCRL 1721). 10 |ha| ^ e quimolar amount of cholyl-Aj3^ 0 is effective at 

MTT (commercially available from Sigma Chemical Co.) is inhibiting aggregation of Ap^o (sec FIG. 4, panel A) and 

a chromogenic substrate that is converted from yellow to that as , he concentration of AfS^o is reduced, the amount of 

blue in viable cells, which can be detected spectrophoto- detectable aggregation of the A$ U40 monomer is corre- 

metrically. spondingly reduced (compare FIG. 4, panels B and C with 

To test the neurotoxicity of natural P-arayloid peptides, J5 panel A). The corresponding results of the neurotoxicity 

stock solutions of fresh Afi monomers and aged A(5 aggre- analysis are shown in FIG. 4, panels D, E, and.F. These 

gates were fust prepared. A$^ 0 in 100% DMSO was results demonstrate that the P-amyloid modulator compound 

prepared from lyophilized powder and immediately diluted not ou \ y inhibits aggregation of Ap^o monomers but also 

in one half the final volume in H 2 0 and then one half the inhibits the neurotoxicity of the AP^o solution, illustrated 

final volume in 2x PBS so that a final concentration of 200 2 o by the reduced percent toxicity of the cells when incubated 

fM peptide, 4% DMSO is achieved. Peptide prepared in this with the APj_ 40 /modulator solution as compared to AP 3 _ 40 

way and tested immediately on cells is referred to as "fresh''" a lone (see e.g., FIG. 4, panel D). Moreover, even when 

Ap monomer. To prepare "aged" Ap aggregates, peptide AP 3 _ 40 aggregation was not detectable as measured by light 

solution was placed in a 1.5 ml Eppendorf tube and incu- scattering, the modulator compound inhibited the neurotox- 

bated at 37° C for eight days to allow fibrils to form. Such 25 j c i ly 0 f tne AP^ 40 solution (see FIG. 4, panels E and F). 

"aged" Ap peptide can be tested directly on cells or frozen Thus, the formation of neurotoxic Ap a . 40 aggregates pre- 

at -80° C. The neurotoxicity of fresh monomers and aged cec j e s the formation of insoluble aggregates detectable by 

aggregates were tested using PC12 and NT2 cells. PC12 light scattering and the modulator compound is effective at 

cells were routinely cultured in Dulbeco's modified Eagle's inhibiting the inhibiting the formation and/or activity of 

medium (DMEM) containing 10% horse serum, .5% fetal 30 these neurotoxic aggregates. Similar results were seen with 

calf senim, 4?mM glutar^ other modulator compounds, such as iminobiotinyl-AP 6 _ 20 

were routinely cultured in OPTl-MEM medium (GIBCO (PPI-267), cholyl-AP 16 20 (PPI-350) and cholyl-Ap^.^- 

BRL CAT. #31985) supplemented with 10% fetal calf am id e (PPI-319). 

serum, 2 mM glutamine and 1% gentamycin. Cells were Additionally, the P-amyloid modulator compounds have 

plated at 10-15,000 cells per well in 90 ,d of fresh medium 35 beeQ demonslrated t0 reduce the neurotoxicity of preformed 

in a 96-well tissue culture plate 3-4 hours prior to treatment. Ap aggregatcs . In these experiments, A& 40 aggregates 

The fresh or aged Ap peptide solutions (10 /dL) were then wefe preformed by of the monomers in the 

diluted 1:10 directly into tissue culture medium so that the absence of any modulalors> The modulator compound was 

final concentration was m the range of 1-10 //M peptide. then iocubated with the pre f orme d AP, 40 aggregates for 24 

Cells are incubated in the presence of peptide without a 40 houfs at 3? o c> ^ which time the p_AP/modulator 

change in media for 48 hours at 37 C. For the final three soIution was colIected and its neurotoxicity evaluated as 

hours of exposure of the cells to the p-AP preparation, MTT descr ib ed abo ve. Incubation of preformed Ap, ^ aggregates 

was added to the media to a final concentration of 1 rog/ml with (he modulator compound prior to applying the solution 

and incubation was continued at 37 C. Following the two %Q neuronal celIs rtsuhed in a deC rease in the neurotoxicity 

hour incubation with MTT, the media was removed and the 45 of tfae ^ solmioni Ttsu]is sugges t that the modu- 

cells were lysed in 100 ,iL isopropanol/0.4N HC1 with , ator caQ eithef biod tQ Ap fibriJs or so]ubIe aggrega te and 

agitation. Ad equal volume of PBS was added to each well modula(e their inherent neurotoxicity or that the modulator 

and the plates were agitated for an additional 10 minutes. can tUfb me cquilibrium between monomeric and aggre- 

Absorbance of each well at 570 nm was measured using a ted forms of ^ in favor of lhe noD -neurotoxic form, 

microliter plate reader to quantitate viable cells. 50 

The neurotoxicity of aged (5 day or 8 day) Ap 3 . 40 EXAMPLE 11 
aggregates alone, but not fresh Ap , I0 monomers alone, was 

continued in an experiment the results of which are shown O^K^n/alion oi Additional \)- Amyloid 

in FIG. 3, which demonstrates that incubating the neuronal Modulator Compounds 

cells with increasing amounts of fresh Ap j. jo monomers was 55 In this example, additional modulator compounds 

not significantly toxic to the cells whereas incubating the designed based upon amino acids 17-20 of Ap, LVFF; SEQ 

cells with increasing amounts of 5 day or 8 day APj..^ ID NO: 12 (identified in Example 9), were prepared and 

aggregates led to increasing amount of neurotoxicity. The analyzed to further delineate the structural features neces- 

EC50 lor toxicity of aged Apj. 40 aggregates was 1-2 ;/M for sary for inhibition of p-amyloid aggregation. Types of 

both the PCI 2 cells and the N'17 cells. 60 compounds analyzed included ones having only three amino 

To determine the effect of a p-amyloid modulator com- acid residues of anAp aggregation core domain, compounds 

pound on the neurotoxicity of A[3 j.^ aggregates, a modu- in which the amino acid residues of an Ap aggregation core 

lator comiK>und,cbolyI-Ap tl . 2O (PPI-204), was prcincubaled domain were rearranged or in which amino acid subslitu- 

with Apj_4 0 monomers under standard nuclcalion assay t ions had been made, compounds modified with a carboxy- 

conditions as described in Example 6 and at particular time 65 terminal modifying group and compounds in which the 

intervals post -incubation, aliquots of the p-AP/modulalor modifying group had been derivalized. Abbreviations used 

solution were removed and 1) the turbidity of the solution in this example are: h- (free amino terminus), -oh (free 
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carboxylic acid terminus), -nru (amide terminus), CA 
(cholyl, the acyl portion of cholic acid), NANA (N-acetyl 
neuraminyl), IB (iminobiolinyl), (3A (p-alanyl), DA 
(D-alanyl), Adp (aminoethyldibenzofuranylpropanoic acid), 
Aic (3-(0-aminoethyl-iso)-cholyl, a derivative of cholic 
acid), 1Y (iodotyrosyl), o-m ethyl (carboxy-terminal methyl 
ester), N-me (N-methyl peptide bond), DeoxyCA 
(deoxycbolyl) and LithoCA (lithocholyl). 

Modulator compounds having an Aic modifying group at 
either the amino- or carboxy-terminus (e.g., PPI-408 and 
PPI-418) were synthesized using known methods (see e.g., 
Wess, G. et al. (1993) Tetrahedron Letters, 34:817-822; 
Wess, G. et al. (1992) Tetrahedron Letters 33:195-198). 
Briefly, 3-iso-0-(2-aminoethyl)-cholic acid (3(5-(2- 
aminoethoxy)-7a,12a-dihydroxy-5p-cholanoic acid) was 
converted to the FMOC-protected derivative using FMOC- 
OSu (the hydroxysucciniraide ester of the FMOC group, 
which is commercially available) to obtain a reagent that 
was used to introduce the cholic acid derivative into the 
compound. For N-terminal introduction of the cholic acid 
moiety, the FMOC-protected reagent was coupled to the 
N-terminal amino acid of a solid-phase peptide in the 
standard manner, followed by standard FMOC-deproteclion 
conditions and subsequent cleavage from the resin, followed 
by HPLC purification. For C-terminal introduction of the 
cholic acid moiety, the FMOC-protected reagent was 
attached to 2-chlorotrityl chloride resin in the standard 
manner. This amino acyl derivatized resin was then used in 
the standard manner to synthesize the complete modified 
peptide. 

The ^modulators -were evaluated in the nucleation and 
seeded extension assays described in Example 6 and the 
results are summarized below in Table V. The change in lag 
time (ALag) is presented as the ratio of the lag time observed 
in the presence of the test compound to the lag time of the 
control. Data are reported for assays in the presence of 100 
mole % inhibitor relative to the concentration of Ap^^, 
except for PPI-315, PP1-348, PP1-380, PPI-407 and PPI- 
418, for which the data is reported in the presence of 33 mole 
% inhibitor. Inhibition (% \, mcr „) is listed as the percent 
reduction in the maximum observed turbidity in the control 
at the end of the assay time period. Inhibition in the 
extension assay (% I ext n ) is listed as the percent reduction of 
thiofiavin-T fluorescence of P-structure in the presence of 25 
mole % inhibitor. Compounds with a % l„ ucr „ of at least 
30% are highlighted in bold. 

TABLE V 





N-Term. 




C-Tcrm. 






% 


Ref. # 


Mod. 


Peptide 


Mod. 


ALag 


% f nucl n 




]>n?93 


CA 




■A- 


i.M 


0 


\MV 


1TI-315 


CA 


IJQKJLVir 


-n h L , 


j.i 




NO 


PPI-3J 6 


NANA 


HQKLVFF 


-nh 2 


1.5 


-15 


ND 


PPi-319 


CA 


KLVFF 


-nht 


5.4 


70 


52 


PP1-339 


CA 


HDSGY 


-nh-. 


LI 


-18 


ND 


PPI-348 


CA 


HQKLVFF 


-oh" 


2.0 


70" 


ND 


PPi-349 


CA 


OKLVFF 


-oh 


>5 


100 


56 


PPi-350 


CA 


KLVFF 


-oh 


l.S 


72 


11 


PPi-365 


CA 


AAAAA 


-oh 


0.S 


-7 


0 


PPI-366 


CA 


QKLVF 


-oh 


3.1 


-23 


ND 


PP1-36S 


CA 


LVFFA 


HOh 


>5 


100 


91 


PPI-369 


CA 


KLTFF 


oh 


J.I 


-16 


44 


PPI-370 


CA 


KLVAP 


-oh 


2.6 


73 


31 


PPI-37J 


CA 


KLVt'FflW) 


-oh 


2.5 


76 


«0 


PP1-372 


CA 


FKFVL 


-oh 


0.8 


45 


37 


PPI-373 


NANA 


KLVFF 


-oh 


0.9 


16 


8 


PPI-374 


113 


KLVFF 


-oh 


1.3 


86 


0 


PPI-375 


CA 


KTVFF 


-oh 


1.2 


IS 


21 



10 



15 



25 



30 



35 



40 



45 



50 



60 
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TABLE V-continued 



Ret'. # 


N-Term. 
Mod. 


Peptide 


C-'Iemi. 
Mod. 


ALag 




% 


PPI-377 


h- 


KLVFF 


-oh 


LI 


0 


8 


PPI-379 


CA 


LVFFAE 


-oh 


1.4 


55 


16 


PPI-3S0 


CA 


LVFF 


-oh 


1.8 


72** 


53 


PPi-381 


CA 


LVFF(DA) 


-oh 


2.3 


56 


11 


PPI-382 


CA 


LVFFA 


-nh 2 


1.0 


-200 


91 


PPI-383 


h-DDDL- 


VFF 


-oh 


0.4 


14 


0 




(Adp) 












PPI-386 


h- 


LVFFA 


-oh 


1.0 


15 


11 


PPI-3S7 


h- 


KLVFF 


-nh, 


1.3 


-9 


39 


PPI-388 


CA 


AVFFA 


-oh" 


1.4 


68 


44 


PPI-389 


CA 


LAFFA 


-oh 


1.5 


47 


66 


PPI-390 


CA 


LVAFA 


-oh 


2.7 


25 


0 


PPI-392 


CA 


VFFA 


-oh 


2.0 


76 


10 


PPI-393 


CA 


LVF 


-oh 


1.3 


1 


0 


PPI-394 


CA 


VFF 


-oh 


1.8 


55 


0 


PPI-395 


CA 


FFA 


-oh 


1.0 


51 


6 


PPI-396 


CA 


LV(rY)FA 


-oh 


>5 


100 


71 


PPI-401 


CA 


LVFFA 


-o- methyl 


ND 


ND 


0 


PPI-405 


h- 


LVFFA 


-nh. 


1.3 


11 


70 


PPI-407 


CA 


LVFFK 


-ob 


>5 


100** 


85 


PPI-408 


fa- 


LVFFA 


(Aic>oh 


3.5 


46 


3 


PPI-418 


fe-(Aic) 


LVFFA 


-oh 


>5 


100'* 


87 


PPI-426 


CA 


FFVLA 


-oh 


>5 


100 


89 


PPI-391 


CA 


LVFAA 


-oh 


1.6 


40 


ND 


PPI-397 


CA 


LVF(IY)A 


-oh 


>5 


95 


ND 


PPI-400 


CA 


AVAFA 


-oh 


1.0 


-15 


ND 


PPI-403 




HQKLVFF 


oh 


1.4 


-75 


0 


PPI-404 




L KLVFF 


-oh 


1.8 


-29 


7 


PPI-424 


DeoxyCA 


LVFFA 


-oh 


3.0 


-114 


82 


PPI-425 


LithoCA 


LVFFA 


-oh 


2.8 


-229 


0 


PPI-428 


CA 


FF 


-oh 


1.7 


-78 


15 


PPI-429 


CA 


FFV 


-oh 


2.2 


-33 


7 


PPI-430 


CA 


FFVL 


-oh 


4.3 


33 


■75 


PPI-433 


CA 


LVFFA 


-oh 


2.8 


27 


ND 






(all D amino 














acids) 










PPI-435 


t-Boc 


LVFFA 


-oh 


3.0 


-5 


ND 


PP1-43S 


CA 


GFF 


-oh 


1.0 


0 


ND 



*ND - not done 
**33 mol % 

* * * h- DDIII (N-Me- Va 1)DLL( Adp) 
" **h-DDII(N-Me-Leu)VEH(Adp) 

Certain compounds shown in Table V (PPI-319, PPI-349, 
PPI-350, PPI-368 and PPI-426) also were tested in neuro- 
toxicity assays such as those described in Example 10. For 
each compound, the delay of the appearance of neurotoxicity 
relative to control coincided with the delay in the time at 
which polymerization of Ap began in the nucleation assays. 
This correlation between the prevention of formation of 
neurotoxic Ap species and the prevention of polymerization 
of Ap was consistently observed for all compounds tested. 

The results shown in Table V demonstrate that at an 
effective modulator compound can comprise as few as three 
Ap amino acids residues (see PPI-394, comprising the 
amino itc;d sequence Vi-'F, which coi responds to Ap^.jQ, 
and PPI-395, comprising the amino acid sequence FFA, 
which corresponds to Ap J9 . 21 ). The results also demonstrate 
that a modulator compound having a modulating group at its 
carboxy-terminus is effective at inhibiting Ap aggregation 
(see PPI-408. modified at its C-terminus with Aic). Still 
further, the results demonstrate that the cholyl group, as a 
modulating group, can be manipulated while maintaining 
the inhibitory activity of the compounds (see PPI-408 and 
PPM 18, both of which comprise the cholyl derivative Aic). 
The free amino group of the Aic derivative of cholic acid 
represents a position at which a chelation group for "'"Tc 
can be introduced, e.g., to create a diagnostic agent. 
Additionally, the ability to substitute iodotyrosyl for pheny- 
lalanine at position 19 or 20 of the Ap sequence (see PPI-396 
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and PPI-397) while maintaining ihe ability of the compound 
to inhibit A(5 aggregation indicates that the compound could 
be labeled with radioactive iodine, e.g., to create a diagnos- 
tic agent, wilboul loss of the inhibitory activity of the 
compound. 5 

Finally, compounds with inhibitory activity were created 
using Ap derived amino acids but wherein the amino acid 
sequence was rearranged or had a substitution with a non- 
Ap-derived amino acid. Examples of such compounds 
include PPI-426, in which the sequence of Ap i7 . 2a (LVFFA 10 
SEQ ID NO: 11) has been rearranged (FFVLA SEQ ID 
NO:21), PPI-372, in which the sequence of AP 16 _„ 0 (KLVFF 
SEQ ID NO:10) has been rearranged (FKFVL SEQ ID 
NO:29), and PPI-388, -389 and -390, in which the sequence 
of AP 17 _ =a (LVFFA SEQ ID NO:ll) has been substituted at 15 
position 17, 18 or 19, respectively, with an alanine residue 
(AVFFA (SEQ ID NO:25) for PPI-388, LAFFA (SEQ ID 
NO:13) for PPI-389 and LVAFA (SEQ ID NO:33) for 
PPI-390). The inhibitory activity of these compounds indi- 
cate that the presence in the compound of an amino acid 20 
sequence directly corresponding to a portion of AP is not 
essentia] for inhibitory activity, but rather suggests that 
maintenance of the hydrophobic nature of this core region, 
by inclusion of amino acid residues such as phenylalanine, 
valine, leucine, regardless of their precise order, can be 25 
sufficient for inhibition of Ap aggregation. 

EXAMPLE 12 

Characterization of p- Amyloid Modulator 30 
Compounds Comprising an Unmodified P-Amyloid 
Peptide 

To examine the ability of unmodified Ap peptides to 
modulate aggregation of natural f5-AP, a series of Ap pep- 35 
tides having amino- and/or carboxy terminal deletions as 
compared to AP^q, or having internal amino acids deleted 
(i.e., noncontiguous peptides), were prepared. One peptide 
(PP1-220) had additional, non-Ap-derived amino acid resi- 
dues at its amino-terminus. These peptides all had a free 40 
amino group at the amino-terminus and a free carboxylic 
acid at the carboxy-terminus. These unmodified peptides 
were evaluated in assays as described in Example 7. The 
results are summarized below in Table VI, wherein the data 
is presented as described in Example 7. Compounds exhib- 45 
iting at least a 1.5 fold increase in lag time are highlighted 
in bold. 



TABLE VI 



Fold 



50 



Reference 




Mole 


Increase 


% In 


# 


A|i Peptide 


% 


in Lnp. 1 nnr 


rf PI 


PPI-226 


A|5 6 ^ 


100 


1.66 


76 


PPI-227 




100 


-1 


47 


PPI-22S 




100 


>4.5 


10O 


PPI-229 




100 


-1 


~0 


PPI-230 


A|-\v>-.io 


100 


0.8 


-0 


PPI-231 


Ap,.,s 


100 


-1 


13 


PPI-247 


A[V*o.*mo(A31-35) 


100 


~1 


-0 


PPI-24S 


AfVs. 3,-40 (A26-30) 


100 


1.5$ 


-0 


PPL 249 


A|W^o(A23-25) 


too 


2.37 


~0 
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TABLE Vl-conlimicd 









Fold 




Reference 




Mole 


Increase 


% Inhibition 




A(i Peptide 


% 


in Lag Time 


of Plateau 


PPI-250 


APj.,5. 21-40 (A16-20) 


100 


1.55 


~€ 


PPI-251 


AfVio. hwo (AH -15) 


100 


-1.2 


-0 


PPI-252 


AP,..,. 1UJO (A6-10) 


300 


1.9 


33 


PPI-253 


APe-40 


100 


1.9 


~0 


PPI-220 


EEVVHHHHQQ-AIW40 


100 


>4 


100 



The results shown in Table VI demonstrate that limited 
portions of the Ap sequence can have a significant inhibitory 
effect on natural p-AP aggregation even when the peptide is 
not modified by a modifying group. Preferred unmodified 
peptides are A(5 6 , 20 (PPI-226), A[^ 30 (PPI-228), Ap 3 . 20 
26-40 (PPI-249) and EEWHHHHQQ-Ap 16 . 20 (PPI-220>; 
the amino acid sequences of which are shown in SEQ ID 
NOs:4, 14, 15, and 16, respectively. 

Forming part of this disclosure is the appended Sequence 
Listing, the contents of which are summarize in the Table 
below. 



SEQ ID NO: 


Amino Acids 


Peptide Sequence 


1 


43 amino acids 


AP1-43 


2 


103 amino acids 


APP C-terminus 


3 


43 amino acids 


Ap,.^ (19, 20 mutated) 


4 


HDSGYEVHHQKLVFF 


APs-20 


5 


HQRUVFFA 


AP14-21 


6 


HQRLVFF 


AP14-20 


7 


OKLVFFA 


A^ 5 - 21 


8 


O KLVFF 


Afti5-20 


9 


KJLVFFA 


AP 16 -21 


10 


KLVFF 


A016-2O 


11 


LVFFA 


A&7-21 


12 


LVFF 


AP j7 -20 


13 


LAFFA 


AP17-21 (V as ^A) 


14 


KJLVFFAEDVGSNKGA 


AP16-30 


15 


35 amino acids 


A Pi -20. 26-40 


16 


35 amino acids 


EEWHHHHQQ-pAP 16 . 40 


17 


AGAAAAGA 


PrP peptide 


18 


AILSS 


amyliQ peptide 


19 


VFF 


APis-20 


20 


FFA 


AfWi 


21 


FFVLA 


APj7ci (scrambled) 


22 


LVFFK 


A|W (A 21 ^K) 


23 


LV(IY)FA 


AfW (F^-IY) 


24 


VFFA 


A ^! 3-21 


25 


AVFFA 


Afc 7 . 2a (L l7 -*A) 


26 


LVF(IY)A 


AfW (F 20 -IY) 


27 


LVFFAE 


AP17-22 


28 


FFVL 


Apj7-2o (scrambled) 


29 


FKFVL 


A Pi 6-20 (scrambled) 


30 


KLVAF 


AP16-20 (Fip-*A) 


31 


KLVIT(PA) 


AfWi (A 2 i-PAj 


32 


LVFF(DA) 


Ap t 70i (A ?1 -DA) 



55 EQUIVALENTS 

Those skilled in the art will recogni/x, or be able to 
ascertain using no more than routine experimentation, many 
equivalents to the specific embodiments of the invention 
60 described herein. Such equivalents are intended to be 
encompassed by. the following claims. 
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SEQUENCE LISTING 

( 1 ) GENERAL INFORMATION: 

( i i i ) NUMBER OF SEQUENCES: 40 

( 2 ) INFORMATION FOR SEQ ID NOrl: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 43 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( v ) FRAGMENT TYPE: internal 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:l: 

Asp Ala CI o Phe Arg His Asp Scr Gly Tyr Glu Val His His Gin Lys 
1 5 10 15 

Leu Val Phe Phe Ala Gin Asp Val Gly Ser Asn Lys Gly Ala He lie 

2 0 2 5 3 0 

Gly Leo Met Val Gly Gly Val Val Me Ala Tbr 



( 2 ) INFORMATION FOR SEQ ED NO:2: 

( i ) SEQUENCE CHARACTERISTICS: 

( A )1ENGTH: 103:aminoracids 
( iB ) TYPE:,ammo acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( v ) FRAGMENT TYPE: internal 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:2: 

Gin Val Lys Mel A * p Ala Gin Phe Arg His Asp Ser Gly Tyr Glu Val 
1 5 10 15 

His His Gin Lys Leu Va I Phe Phe Ala Glu Asp Val Gly Ser Asn Lys 
2 0 2 5 3 0 

Gly Ala lie lie Gly Lett Met Val Gly Gly Val Val lie Ala Thr Val 
3 5 4 0 4 5 

Me Val lie Thr Lea Val Mel Leu Lys Lys Lys Gin Tyr Thr Scj Me 
5 0 5 5 60 

His His Gly Val Val Glu Val Asp Ala Ala Val Thr Pro Glu Glu Arg 

6 5 7 0 7 5 8 0 

His Len Ser Lys Mel Gin Gin Asn Gly Tyr Glu Asn Pro Thr Tyr Lys 
8 5 9 0 9 5 

}* Ii r 1* It r. a t v. Ol n M t ; « 'i ! i A s n 
1 O 0 

( 2 ) INFORMATION FOR SEQ ED NO:3: 

( i ) SEQUENCE CHARACTERISTICS: 
f A ) LENGTH: 43 amino acids 
( B ) TYPE: amino :.ckl 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( v ) FRAGMENT TYPE internal 

( j x ) FEATURE: 

( A 1 NAME/KEY: Modified site 
( B ) LOCATION: L9 
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( D ) OTHER INFORMATION: /nolc= Xaa is a hydrophobic amino 
acid 

( ix) FEATURE: 

( A ) NAME/KEY: Modified site 
( B ) LOCATION: 20 

( D ) OTHER INFORMATION: /notc= Xaa is a hydrophobic amino 
acid 

( x i ) SEQUENCE DESCRIPTION: SEQ IDNO:3: 

Asp Ala Gin Phe Arg His Asp Scr Gly Tyr G I ii. V a I His His Gin Lys 
1 5 10 15 

Leo Val Xaa Xaa Ala Glu Asp Vol Gly Scr Asn Lys Gly Ala lie lie 

2 0 2 5 30 

Gly Leu Met Val Gly Gly Val Val lie Ala Thr 
3 5 4 0 



( 2 ) INFORMATION FOR SEQ H> NO:4: 

( i ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 15 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 4: 

His Asp Scr Gly Tyr Gin Val His His Gin Lys Len Val Phe Phe 
5 10 15 



( 2 )WORMATIONTORSEQID'NO;5: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 8 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY': linear 

( i i ) MOLECULE TYPE peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:5: 

His Gin Lys Leu Val Pbc Phe Ala 



( 2 ) INFORMATION FOR SEQ ID NO:6: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 7 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY': linear 

( i i ) MOLECULE TYPE- peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:6: 

J I i 5 C; I 11 ! . V I. V V :. ! Phe P 1, C 

5 



( 2 ) INFORMATION FOR SEQ ID NO:7: 

f i ) SEQUENCE CHARACTERISTICS: 
( A } LENGTH: 7 amino acids 
( B ) TYPE: amino ackl 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 7: 

G I a Lys Leu Vat Pbc Pbc Ala 

5 
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( 2 ) INFORMATION l : OR SEQ ID NO:S: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 6 amino ncitls 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ 1DN0:8: 

Gin Lys Leu Va I Pbc Phc 



( 2 ) INFORMATION FOR SEQ ID NO:9: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 6 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:9: 

Lys Leu Val Phe Phc Ala 
5 



( 2 ) INFORMATION FOR SEQ ID NO: 10: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:lft 

Lys Leu Val Phe Pbe 
S 



( 2 ) INFORMATION FOR SEQ ID NCfcll: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: ]>cptide 

f x i ) SEQUENCE DESCRIPTION: SEQ ID NO:ll: 

Leo Val Phe Phe Ala 

5 



( 2 ) INFORMATION FOR SEQ ID NO:! 2: 

V i i SKQUIiNCl: CHAKAC IliRlSTICS: 
( A ) LENGTH: 4 amino acids 
{ B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i J MOLECULE TYPE: peptide 

Cxi) SEQUENCE DESCRIPTION: Sl-Q ID NO:] 2: 

Leo Val Phc Phe 



< 2 ) INFORMATION IOK SUQ ID NO: 13: 

I i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 :aiiino ;icids 
( R ) 'IYPE: am bio oc id 



71 



5,854,204 

-continued 



72 



< D ) TOPOLOGY: linear 
( i i ) MOLECULE TYPE: peptide 
( v ) FRAGMENT TYPE internal 
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 13: 

Lcn Ata Phe Phe Ala 

1 5 



( 2 ) INFORMATION FOR SEQ ID NO: 14: 

( i ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 15 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( v ) FRAGMENT TYPE: internal 

C x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 14: 

Lys Leu Val Pbe Pbe Ala Glu Asp Val Gly Ser Asn Lys Gly Ala 
1 5 10 15 



( 2 ) INFORMATION FOR SEQ ID NO: 15: 

( i ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 35 amino adds 
( B ) TYPE: amino acid 
.( iD )irOPOL'OGY:*linear 

( i i ) MOLECULETYPE*pcptide 

( v ) FRAGMENT TYPE: internal 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 

Asp Ala Glu Phe Aig His Asp Ser Gly Tyr Glu Val His His Gin Lys 
1 5 10 15 

Leu Val Phe Phe Ser Asn Lys Gly Ala lie lie Gly Leu Met Vol Gly 

2 0 2 5 3 0 

Gly Val Val 
3 5 



( 2 ) INFORMATION FOR SEQ ID NCH6: 

( i ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 35 amino acids 
( B ) TYPE: ammo acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE peptide 

( v ) FRAGMENT TYPE: internal 

{xi) SEQUENCE DKSCKUTION. SEQ ID NO:l0: 

Gin Glu Val Val His His His His Gin Gin Lys Leo Val Phe Phe Ala 
1 5 10 15 

Glu Asp Val G 1 y Ser Asn Lys Gly Ala Me lie Gly Leu Met Val Gly 
2 0 '25 30 

Gly Val Val 

3 5 



( 2 ) INFORMATION FOR SEQ ID NO:l7: 



{ i ) SEQUENCE CHARACTERISTICS: 
( A J LENGTH: 8 amino acids 
( B ) TYPE: amino acid 
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( D ) TOPOLOGY: lmt:.r 
( i i ) MOLECULE TYPE peptide 
( v 1 FRAGMENT TYPE: internal 
( x i ) SEQUENCE DESCRIPTION: SEQ IDNO:17: 

Ala Gly Ala Ala Ala Ala Gly Ala 

1 5 



( 2 ) INFORMATION FOR SEQ ID NO: 1.8: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( j i ) MOLECULE TYPE: peptide 

( v ) FRAGMENT TYPE- internal 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:l& 

Ala Me Leu Scr Ser 
1 5 



( 2 ) INFORMATION FOR SEQ ID NO: 19: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 3 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) 'MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:19: 

Val Phc Phe 
1 



( 2 ) INFORMATION FOR SEQ ID NO:20: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 3 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:20: 

Phe Phe Ala 
1 



( 2 ) INFORMATION FOR SEQ ID NO:21: 

( i ) SEQUENCE CHARACTERISTICS: 

( I! ) TYPE: amino acid 
( D (TOPOLOGY: linear 

( i i ) MOLECULE 1YPE peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:21: 

P h c Phe Val Leu Ala 
1 5 



( 2 ) INFORMATION FOR SEQ II) NO:22: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 
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( i i ) MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:22: 

Leo Val P li e PIic Lys 
1 5 



( 2 ) INFORMATION FOR SEQ ID NO:23: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: S amino acids 
( B (TYPE: amino acid 
( D ) 'TOPOLOGY: linear 

( i i ) MOLECULE TYPE peptide 

( j x ) FEATURE: 

( A ) NAME/KEY: Modified site 
( B ) LOCATION: 3 

( D ) OTHER INFORMATION: /nole= Xaa is iodotyrosyl 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:23: 

Leo Val Xaa Phe Ala 
1 5 



( 2 ) INFORMATION FOR SEQ ID NO:24: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 4 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:24: 

Val Phe Plie Ala 
1 



( 2 ) INFORMATION FOR SEQ ID NO:25: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino ackl 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:25: 

Ala Val Phe Phe Ala 
1 5 



( 2 ) INFORMATION FOR SEQ ID NO:26: 

( i ) SEQUENCE CHARACTERISTICS: 

( A j n-Ntrni: 5 t-n; : -:. ..-;.!■ 

( L> ) TVPLi: <uuino iitiii 
( D ) TOPOLOGY: linear 



( i j ) MOLECULE TYPE: peptide 

( i x ) FEATURE: 

( A I NAME/KEY: Modified site 
( B » LOCATION: 4 

{ D ) OTHER INFORMATION: /notc= Xaa is iodotyrosyl 
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:26: 
Leu V ,i I P li c X :t :t A I :■ 



( 2 ) INFORMATION l : OR SEQ ID NO:27: 
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( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 6 amino acids 
C B ) TYPE; amino ackl 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:27: 

Leo Val Phe Phe Ala G 1 u 
1 5 



( 2 ) INFORMATION FOR SEQ ID NO;2& 

f i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 4 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

fxi ) SEQUENCE DESCRIPTION: SEQ ID NO:28: 

Phe Phe Val Leu 

1 5 



( 2 ) INFORMATION FOR SEQ ID NO:29: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: rlineai 

( i i ) MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:29: 

Phe Lys Phe Val Leu 

1 5 



( 2 ) INFORMATION FOR SEQ ED NO: 30: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

MM MOLECULE TYPE: peptide 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:30: 

Lys Leu Val Ala Phe 
1 5 



( 2 ) INFORMATION FOR SEQ ED NCh3i: 

( i ) SEQUENCE CHARACTERISTICS: 

< A 1 K'vN'i.i'l'i:; (■ :*r.-nt. ;,ri.K 
( U ) TYi'Ji: siuLiO ;icki 
( D ) TOPOLOGY: linear 

MM MOLECULE TYPE: peptide 

M x _| FEATURE: 

( A ) NAME/KEY: Modified site 
( B ) LOCATION: 6 

( D ) OTHER INFORMATION: /notc= Xaa is bela-ahnyl 
( x i J SEQUENCE DESCRIPTION: SEQ IDNO:M: 
Lys Leu V □ I Phe Phe X a a 



( 2 ) INFORMATION FOR SEQ ED NO: 32: 
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( i J SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i J MOLECULE TYPE: peptide 

(is) FEATURE: 

( A ) NAME/KEY: Modified site 
( B ) LOCATION: 5 

( D ) OTHER INFORMATION: /note= Xaa is D-afanyl 
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:32: 
Lcn Vat Phe Phc Xaa 



( 2 ) INFORMATION FOR SEQ ID NO:33: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE- peptide 

( v ) FRAGMENT TYPE: interna! 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:33: 

Leo Val Ala Phe Ala 
1 5 



( 2 pINFORMATIONTOR SEQ ID NO-.34: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 5 amino acids 
( B ) TYPE: ammo acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE: peptide 

( v ) FRAGMENT TYPE internal 

( i x ) FEATURE: 

( A ) NAME/KEY: Modified-site 
( B ) LOCATION: 5 

( D ) OTHER INFORMATION: /D0te=aminoe1hyldiben2ofuranyl- 
proprionic acid modification 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 34: 

Asp Asp lie lie Leu 
1 5 



( 2 J INFORMATION FOR SEQ ID NG:35: 

( i ) SEQUENCE CHARACTERISTICS: 
i /, ) f Wtnil: ? :uv.ir.t, :,c:il-; 
( U ) l YI'E: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE peptide 

( v ) FRAGMENT TYPE: internal 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:35: 

Ala Ala Ala Ala Ala 
1 5 



( 2 1 INFORMATION POR SEQ D) NO: 36: 



< i ) SEQUENCE CHARACFHRISTICS: 

f A ) IENG IH: 3S annuo acids 
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( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i J MOLECULE TYPE: peptide 

( v ) FRAGMENT TYPE: internal 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:36: 

His Asp Ser Gly Tyr GIu Val His His Gin Lys L c n Val Phc Phc Ala 
1 5 10 15 

Gl i Asp Val Gly Ser Asn Lys Gly Ala lie lie CI y Leu Met Val Gly 

2 0 2 5 3 0 

Gly Val Val 

3 5 

( 2 ) INFORMATION FOR SEQ ID NO:37: 

( i ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 15 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE peptide 

( v ) FRAGMENT TYPE: internal 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:37: 

Gin Val His His Gin Lys Leu Val Phe Phc Ala GIu Asp Val Gly 
1 5 10 15 

( 2 ) INFORMATION FOR SEQ ID NO:3& 

( i ) SEQUENCE CHARACTERISTICS: 

( A ) LENGTH: 35 amino acids 
( B ) TYPE: amino acid 
( D ) TOPOLOGY: linear 

( i i ) MOLECULE TYPE peptide 

( v ) FRAGMENT TYPE: internal 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:38: 

Asp Ala GIu Phe Arg His Asp Ser Gly Tyr GIu Val His His Gin Lys 
1 5 1.0 15 

Leu Val Phe Phe Ala GIu Asp Val Gly lie lie Gly Leu Mel Val Gly 

2 0 2 5 3 0 

Gly Val Val 

3 5 



( 2 ) INFORMATION FOR SEQ ID NO:3!>: 

( i ) SEQUENCE CHARACTERISTICS: 

{ A ) LENGTH: 35 ai^iv :--it*^ 
( I) ) I Vl'li: amino acid 
( D ) TOTOLOGY: linear 

( i i ) MOLECUl£ TYPE: peptide 

(" v ) FRAGMENT TYPJ*: internal 



( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:39: 

Asp Aln Gin Phc Arg Mis Asp Ser Gly Tyr GIu Val His His Gin Ala 
1 5 10 15 

G I u Asp Val Gly S « r A n n Lys G I y Ala lie lie Gly Lcn Mel Vol Cj 1 y 
3 0 2 5 3 0 



Gly Val Val 

3 5 
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( 2 ) INFORMATION FOR SEQ ID NO:40: 

( i ) SEQUENCE CHARACTERISTICS: 
( A ) LENGTH: 35 amino acids 
( B ) TYPE: amino acid 
( D } TOPOLOGY: linear 

( i i ) MOLECULE 7YPE: peptide 

( v ) FRAGMENT TYPE: internal 

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO:40r 

Asp Ala G i u Phc A r g Glu Val His His Gin L y * Leu V 8 I Pbc Phc Ala 

15 10 15 

Clu Asp Val Gl y Scr Asn Lys Gl y Ala lie Mc Gly Leu Met Val Gly 

2 0 2 5 3 0 

Gly Val Val 

3 5 



We claim: 

1. A p-amyloid peptide compound having a structure: 
PAP 6 . 20 (SEQ ID NO:4). 

2. A p-amyloid peptide compound having a structure: 
PAP 16 _ 30 (SEQ ID NO: 14). 

3. A p-amyloid peptide compound having a structure: 
PAP 1JK (SEQIDNOrlS). 

4. A p-amyloid peptide compound -having a jstmicture: 
EEVVHHHHQQ-PAP 36 . 40 (SEQ ID NO: 16). 

5. A p-amyloid peptide compound having a structure: 
Ap^ 40 (SEQ ID NO:36). 



6. A p-amyloid peptide compound having a structure: 
Ap 3J _ 25 (SEQ ID NO:37). 

7. A p-amyloid peptide compound having a structure: 

(A26-30) (SEQ ID NO:38). 

8. A p-amyloid peptide compound having a structure: 
A P,,< n« (A16-20) (SEQ ID N0.39). 

9. A p-amyloid peptide compound having a structure: 
30 A f 3 -5. M <A6-10)-(SEQ ID NO:40). 

10. A composition comprising the compound of any one 
of claims 1-9 and a pharmaceutically acceptable carrier. 
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■f- INTRODUCTION 

TV Protein-protein interactions are intrinsic to virtually every 
cellular process. Any listing of major research topics in biolo- 
r gy — f° r example, DNA replication, transcription, translation, 
splicing, secretion, cell cycle control, signal transduction, and 
intermediary metabolism — is also a listing of processes in 
. which protein complexes have been implicated as essential 
. components. In consequence, the analysis of the proteins in 
% these complexes is no longer the exclusive domain of biochem- 
ists; geneticists, cell biologists, developmental biologists, mo- 

1 lecular biologists, and biophysicists have by necessity all gotten 
: - into the act. .We attempt in this review to summarize both 

classical and recent methods to identify proteins that interact 
; and to assess the strengths of these interactions. 

Proteins that are composed of more than one subunit are 
j; found in many different classes of proteins. Some of the best- 

characterized multisubunit proteins are those that, as originally 
' purified, contained two or more different components. These 
- include classical proteins such as hemoglobin, tryptophan syn- 
; thetase, aspartate transcarbamylase, core RNA polymerase, 
?. Qf3-replicase, and glycyl-tRNA synthetase. Since these pro- 

teins purified as multisubunit complexes, their protein-protein 
: interactions were self-evident. 

Other well-known examples of multisubunit proteins include 
j. much more complicated assemblies of polypeptides. These in- 
5 elude metabolic enzymes such as the pyruvate dehydrogenase 

2 and a-ketoglutarate dehydrogenase complexes, the DNA rep- 
lication complex of Escherichia coli and other organisms, the 

f bacterial flagellar apparatus, the nuclear pore complex, and the 
g tail assembly of bacteriophage T4. Also included in this group 
.? are ribonucleoprotein complexes, such as the signal recogni- 
tion particle of the glycosylation pathway, small nuclear ribo- 
:g nucleoproteins of the spliceosome, and the ribosome itself. 

1^ Although some of the subunits of these protein complexes are 
; not tightly bound, activity is associated with a large structure 

that in many cases is called a protein machine (5). 
*P§* There are also a large number of transient protein-protein 
^interactions, which in turn control a large number of cellular 
^■processes. All modifications of proteins necessarily involve 
|,such transient protein-protein interactions. These include the 

WjyP teract i° ns of protein kinases, protein phosphatases, glycosyl 
^transferases, acyl transferases, proteases, etc., with their sub- 
1 ^ s 5 rate P rotems - Such protein-modifying enzymes encompass a 
J|large number of protein-protein interactions in the cell and 
Regulate all manner of fundamental processes such as cell 
growth, cell cycle, metabolic pathways, and signal transduction. 



Transient protein-protein interactions are also involved in the 
recruitment, and assembly of the transcription complex to spe- 
cific promoters, the transport of proteins across membranes, 
the folding of native proteins catalyzed by chaperonins, indi- 
vidual steps of the translation cycle, and the breakdown and 
re-formation of subcellular structures during the cell cycle 
(such as the cytoplasmic microtubules, the spindle apparatus, 
nuclear lamina, and the nuclear pore complex). Transient com- 
plexes are much more difficult to study, because the proteins or 
conditions responsible for the transient reaction have to be 
identified first. Part of the goal of this review is to describe 
recent methods and developments that have allowed their 
identification and characterization. 

Protein-protein interactions can have a number of different 
measurable effects. First, they can alter the kinetic properties 
of proteins. This can be reflected in altered binding of sub- 
strates, altered catalysis, or (as first enunciated by Monod et al. 
[153]) altered allosteric properties of the complex. Thus, the 
interaction of proliferating-cell nuclear antigen with DNA 
polymerase 6 alters the processivity of the polymerase (174), 
the interaction of succinate thiokinase and a-ketoglutarate de- 
hydrogenase lowers the K m for succinyl coenzyme A by 30-fold 
(171). and the cooperative binding of oxygen to hemoglobin 
and the allosteric regulation of aspartate transcarbamylase are 
regulated by interactions of the protomers. Second, protein- 
protein interactions are one common mechanism to allow for 
substrate channeling. The paradigm for this type of complex is 
tryptophan synthetase from Neurospora crassa. It is a complex 
of two subunits, each of which carries out one of the two steps 
of reaction (formation of indole from indole 3-glyceroI phos- 
phate, followed by conversion of indole to tryptophan). The 
intermediate indole is noncovalently bound, but it is preferen- 
tially channeled to form tryptophan (241). Many similar exam- 
ples of metabolic channeling have been demonstrated, both 
between different subunits of a complex and between different 
domains of a single multifunctional polypeptide (see reference 
208 for a review). Third, protein-protein interactions can result 
in the formation of a new binding site. Thus, an ADP site forms 
at the interface of the a and fJ subunits of Escherichia coli 
F r ATPase (228), yeast hexokinase binds one ATP molecule at 
the interface of the asymmetric homodimer (209), and phos- 
phofructokinase from Bacillus stearothermophilus binds both 
fructose 6-phosphate and ADP at the interface between sub- 
units (60). Fourth, protein-protein interactions can inactivate a 
protein; this is the case with the interaction of phage P22 
repressor with its antirepressor (213), with the interaction of 
trypsin with trypsin inhibitor (221), and with the interaction of 
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phage 17 gene 1.2 protein with E. coli dGTP triphosphohy- 
drolase (156). Fifth, protein-protein interactions can change 
the specificity of a protein for its substrate; thus, the interaction 
of lactalbumin with lactose synthase lowers the K m for glucose 
by 1,000-fold (95), and the interaction of transcription factors 
with RNA polymerase directs the polymerase to different pro- 
moters. 

Klotz et al. (116) enumerated four advantages of multisub- 
unit proteins relative to a single large protein with multiple 
sites. First, it is much more economical to build proteins from 
simpler subunits than to require multiple copies of the coding 
information to synthesize oligomers. Thus, for example, actin 
filaments and virus coats are much more simply assembled 
from monomers than by translation of a large polyprotein of 
repeated domains. Similarly, it is much more convenient to 
have one gene encoding a protein with different interacting 
partners, such as some of the eukaryotic RNA polymerase 
subunits, than to have the gene for that subunit reiterated for 
each different polymerase. Second, translation of large pro- 
teins can cause a significant increase in errors in translation; if 
such errors cause a lack of activity, they are much more eco- 
nomically eliminated by preventing assembly of that subunit 
into the complex than by eliminating the whole protein. Third, 
multisubunit assemblies allow for synthesis at one locale, fol- 
lowed by diffusion and assembly at another locale; this allows 
for both faster diffusion (since the monomers are smaller) and 
compartmentalization of activity (if assembly is required for 
activity). Fourth, homooligomeric proteins, if they have an 
advantage over monomers, are easily selected in evolution if 
the oligomers interact in an antiparallel arrangement; in this 
case, a single-amino-acid change that increases interaction po- 
tential has effects at two such sites. 

Another advantage of multisubunit complexes is the ability 
to use different combinations of subunits to alter the magni- 
tude or type of response. Thus, for example, adult hemoglobin 
(a2p2) and fetal hemoglobin (a272) are each composed of 
heterooligomers with a common a subunit; differences in the 
binding, of oxygen in these hemoglobins allow oxygen to be 
readily passed from mother to fetus. Other examples include 
the oligomerization of Jun with Fos or with itself, which results 
in distinct activities in transcription because the different 
dimers bend DNA in opposite directions (114); the interaction 
of TATA-binding protein with the transcription apparatus of 
RNA polymerase I, II, or III, in which TATA-binding protein 
plays different roles (235); the interactions of microtubules 
with the large set of proteins to which they bind (113), not all 
of which bind at the same time; the interaction of different 
transcription factors with core RNA polymerase in both eu- 
karyotes and prokaryotes to direct transcription of different 
genes; and the interaction of retinoblastoma (Rb) protein with 
viral oncoproteins and other cellular proteins (31, 32). 

Protein-protein interactions may be mediated at one ex- 
treme by a small region of one protein fitting into a cleft in 
another protein and at another extreme by two surfaces inter- 
acting over a large area. Examples of the first case include the 
large class of protein-protein interactions that involve a do- 
main of a protein interacting tightly with a small peptide. The 
paradigm for this type of interaction is that of specific Src 
homology 2 (SH2) domains with specific small peptides 'con- 
taining a phosphotyrosyl residue. This interaction occurs with 
a dissociation constant as low as nM and is due to a specific 
binding pocket in SH2 domains not unlike a classical substrate- 
binding pocket (64, 205, 224, 225). Many other examples of 
domains that bind small peptides with affinities in the nano- 
molar to molar range have been described. The paradigm for 
the second case, i.e., surfaces that interact with each other over 
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large areas, is that of the leucine zipper, in which a stretch of^. 
a-helix forms a surface that fits almost perfectly with another \|§ 
a-helix from another subunit protein (59, 161; also see refer-gj 
ence 4). Binding also occurs in the nanomolar range for such ^§ 
interactions (196). Other interactions may occur through in- " 
termediate-sized complementary surfaces. :>|| 
It is evident that protein-protein interactions are much more " v5 
widespread than once suspected, and the degree of regulation ■': 
that they confer is large. To properly understand their signif- 
icance in the cell, one needs to identify the different interac- 
tions, understand the extent to which they take place in the 
cell, and determine the consequences of the interaction. This 
review is intended to supply an overview of three aspects of 
protein-protein interactions. First, we briefly describe a num- 
ber of physical, molecular biological, and genetic approaches 
that have been used to detect protein-protein interactions. 
Second, we describe several experimental approaches that 
have been used to evaluate the strength of protein-protein 
interactions. Third, we describe three well-characterized do- 
mains that are responsible for protein-protein interactions in a 
number of different proteins. As the literature on this topic is 
vast, we have not attempted to conduct an exhaustive review. 
Rather, we hope that this article serves as a journeyman's 
guide to protein-protein interactions. 

The first and still the most comprehensive review on protein- 
protein interactions is that of Klotz et al. (116). This review 
contains a survey of the subunit composition and binding en- 
ergies of all oiigomeric proteins that had been identified at the 
time, as well as a discussion of the geometry of interactions and 
an excellent discussion of the influence of binding constants, 
concentrations, and cooperativity parameters on the popula- 
tion of oligomers. A good discussion of channeling and com- 
partmentation is found in the monograph by Friedrich on 
quaternary structure (70) and the article by Srere (208). The 
review by Eisenstein and Schachman (57) contains an interest- 
ing discussion of the functional roles of subunits of oiigomeric 
proteins and of approaches used to determine whether the 
monomers of oiigomeric proteins are active. Also of interest is 
the discussion of proteins as machines (5) and a discussion of 
protein size and composition (78). 

PHYSICAL METHODS TO SELECT AND DETECT 
PROTEINS THAT BIND ANOTHER PROTEIN 

Protein Affinity Chromatography 

A protein can be covalently coupled to a matrix such as 
Sepharose under controlled conditions and used to select li- 
gand proteins that bind and are retained from an appropriate 
extract. Most proteins pass through such columns or are 
readily washed off under low-salt conditions; proteins that are 
retained can then be eluted by high-salt solutions, cofactors, 
chaotropic solvents, or sodium dodecyl sulfate (SDS) (Fig. 1). 
If the extract is labeled in vivo before the experiment, there are 
two distinct advantages: labeled proteins can be detected with 
high sensitivity, and unlabeled polypeptides derived from the 
covalently bound protein can be ignored (these might be either 
proteolytic fragments of the covalently bound protein or sub- ;■ 
units of the protein which are not themselves covalently 
bound). This method was first used 20 years ago to detect 
phage and host proteins that interacted with different forms of . ■ 
£. coli RNA polymerase (177). Proteins that were retained by : 
an RNA polymerase-agarose column (which was shown to be ; 
enzymatically active) but not by a control column coupled with 
bovine serum ' albumin were judged as interacting candidates;/ 
The interactions were -substantiated in two waysl; First, the 
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FIG. 1. Protein affinity chromatography. Extract proteins are passed over a 
column containing immobilized protein. Proteins that do not bind flow through 
the column, and ligand proteins that bind are retained. Strongly retained pro- 
teins have more contacts with the immobilized protein than do those that are 
weakly retained. 



interaction of T7 0.3 protein with RNA polymerase was con- 
firmed by coimmunoprecipitation of the 0.3 protein with RNA 
polymerase antibody. Second, the interaction of T4 proteins 
with RNA polymerase was shown to depend on the form of 
RNA polymerase on the column: one T4 protein interacted 
with core RNA polymerase and T4-modified RNA polymerase 
but not with RNA polymerase holoenzyme, and another inter- 
acted only with the T4-modified polymerase. The phage pro- 
teins that bound RNA polymerase were identified by their 
absence in appropriate T4 and 17 mutants. 

Similar methods have been used, particularly by the labora- 
tories of J. Greenblatt and B. Alberts, to identify many other 
protein-protein interactions. Two excellent reviews on the 
topic, which cover many of the details of coupling and a num- 
ber of strategic considerations, have been published (69, 145). 

Candidate proteins can be coupled directly to commercially 
available preactivated resins as described by Formosa et al. 
(69). Alternatively, they can be tethered noncovalently through 
high-affinity binding interactions. Thus, Beeckmans and Ka- 
narek (14) demonstrated an interaction between fumarase and 
malate dehydrogenase by immobilizing the test enzyme with 
antibody bound to protein A-Sepharose, as well as by direct 
covalent coupling of the test enzyme to Sepharose. Some of the 
important considerations of a successful binding experiment 
are elaborated below. 

g Purity of the coupled protein and use of protein fusions. An 
essential requirement for a successful protein affinity chroma- 
tography experiment is pure protein; otherwise, any interacting 
protein that is detected might be binding to a contaminant in 
the preparation. Greenblatt and Li (80) did two experiments to 
.establish that core RNA polymerase bound to NusA on the 
column rather than to a contaminant in the NusA preparation. 
Pirst, they demonstrated that a fully active NusA variant pro- 
which presumably contained different amounts of various 



contaminants (since it eluted at different positions in columns 
used to purify it), still bound core RNA polymerase; second, 
they demonstrated by independent experiments that the com- 
plex contained equimolar amounts of NusA protein and core 
RNA polymerase. 

•The easiest way to obtain pure protein, if the gene is avail- 
able, is through the use of protein fusions. Several such systems 
have been described; in each case, the protein of interest (or a 
domain of the. protein) is fused to a protein or a domain that 
can be rapidly purified on the appropriate affinity resin. The 
most common such fusion contains glutathione S-transferase 
(GST), which can be purified on glutathione-agarose columns 
(202). Other fusions in common use include Staphylococcus 
protein A, which can be purified on columns bearing immu- 
noglobulin G; oligohistidine-containing peptides, which can be 
purified on columns bearing Ni 2+ ; the maltose-binding pro- 
tein, which can be purified on resins containing amylose; and 
dihydrofolate reductase, which can be purified on methotrex- 
ate columns. (Other common protein fusions which add an 
epitope for the influenza virus hemagglutinin [12CA5] or c- 
Myc are also in common use and are used most often for 
coimmunoprecipitation [see the section, on immunoprecipitar 
tion, below].) 

Purified fusion proteins are used in two ways to detect in- 
teractions on affinity columns. First, the protein is covalently 
coupled to the resins in the usual way, as was done by Mayer 
et al. (139) to detect a tyrosine-phosphorylated protein that 
bound to the SH2 domain of Abl tyrosine kinase and by Weng 
et al. (232) to demonstrate that the SH3 domain of c-Src binds 
paxillin. Second, the purified fusion proteins can be nonco- 
valently bound to the beads and then mixed with an appropri- 
ate extract or protein. This was done by Zhang et al. (248) to 
demonstrate an interaction of the N-terminal portion of c-Raf 
with Ras, by Flynn et al. (68) to detect the binding of an actin 
filament-associated protein to Src-SH3/SH2, and by Hu et al. 
(99) to demonstrate the binding of the SH2 domain of the p85 
subunit of phosphatidylinositol 3-kinase to two different 
growth factor receptors. 

Influence of modification state. The interactions of many 
proteins with their target proteins often depends on the mod- 
ification state of one or both of the proteins, (mostly by phos- 
phorylation). Thus, the recognition of Rb protein by the tran- 
scription factor E2F and by the transforming proteins simian 
virus 40 large T antigen, human papillomavirus- 16 E7, and 
adenovirus El A is more efficient with underphosphorylated 
than phosphorylated Rb (132, 133, 240). Conversely, SH2 do- 
mains of proteins, for example, recognize tyrosine phosphory- 
lated substrates several orders of magnitude more efficiently 
than they do their nonphosphorylated counterparts (64). Pro- 
tein-protein interactions that require a posttranslationally 
modified protein for interaction are not detected if the protein 
is purified by the use of expression vectors in cells in which the 
protein is not properly modified. A means to circumvent this 
problem is to use GST fusion vectors to express proteins in 
host cells more related to their origin. Thus, the interaction of 
bovine papillomavirus E5 oncoprotein with an a-adaptin-Iike 
molecule was confirmed by addition of beads to extracts of 
NIH 3T3 cells that were expressing the GST-E5 fusion (38). 
Similarly, a yeast GST vector that allows regulated expression 
of yeast GST fusion proteins has been described (148). 

Retention f native structure of the coupled protein. Failure 
to detect an interacting protein can result from inactivation of 
the protein during coupling. Ideally, coupling would immobi- 
lize a protein or a complex by randomly tethering it to the 
matrix through one covalent bond. For example, binding of £. 
coli proteins to immobilized X N protein occurred only when 
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the cyanogen bromide (CNBr)-activated residues on the ma- 
trix were partially inactivated before coupling; this was attrib- 
uted to the large number of lysine residues in \ N protein and 
the generation of multiple (and denaturing) covalent bonds 
between \ N protein and the matrix if the concentration of 
CNBr-activated matrix sites was too high (80). Therefore, de- 
termining that the coupled protein has retained its native struc- 
ture is an important control, when possible. With some pro- 
teins, such as RNA polymerase from E. coli, activity could be 
detected when the coupled protein was assayed on the matrix 
(177). With others, such as filamentous actin (F-actin) col- 
umns, the desired polymerized form was stabilized with phal- 
loidin (or by chemical cross-linking), and the proteins that 
bound F-actin were shown not to bind monomelic actin (14). 
Similarly, microtubule columns were stabilized with taxol 
(113). 

Native protein structure also depends on ail subunits of a 
complex being present in the coupled resin. This can be as- 
sessed by SDS elution of a sample of the resin and comparison 
of the subunit composition of the eluted material with that of 
the starting material. In the case of E. coli RNA polymerase, all 
the components of the enzyme were still present (177). In the 
case of mammalian RNA polymerase II, one of the subunits 
did not reproducibly remain after coupling (206). 

Concentration of the coupled protein. To detect interactions 
efficiently, the concentration of protein covalently bound to the 
column has to be well above the K d of the interaction. Thus, for 
the detection of weak protein-protein interactions, the concen- 
tration of bound protein should be as high as possible. Weak 
interactions can be completely missed on columns with lower 
concentrations of coupled protein, even if they contain corre- 
spondingly larger amounts of resin to maintain the same total 
amount of bound protein (see the sections on importance of 
characterization of the binding interaction and on binding to 
immobilized proteins, below, for a discussion of this point). 

Amount of extract applied. The amount of extract applied to 
the column can be critical for two opposing reasons. If too little 
extract is applied and the protein that binds is present at low 
concentration, too little protein will be retained to be detected, 
even if it binds with high affinity and is labeled with 35 S (see, for 
example, reference 206). Conversely, if too much protein is 
applied, competition among potential ligands may result in 
failure to detect minor species. This was observed by Miller 
and Alberts (144) in looking for minor protein species that 
interact with F-actin. 

Other considerations. There are four distinct advantages of 
protein affinity chromatography as a technique for detecting 
protein-protein interactions. First, and most important, pro- 
tein affinity chromatography is incredibly sensitive. With ap- 
propriate use (high concentrations of immobilized test pro- 
tein), it can detect interactions with a binding constant as weak 
as 10" 5 M (69) (see the section on binding to immobilized 
protein, below). This limit is within range of the weakest in- 
teraction likely to be physiologically relevant, which we esti- 
mate to be in the range of 10~^M (see the section on limits of 
binding-constant considerations, below). Second, this tech- 
nique tests all proteins in an extract equally; thus, extract 
proteins that are detected have successfully competed for the 
test protein with the rest of the population of proteins. Third, 
it is easy to examine both the domains of a protein and the 
critical residues within it that are responsible for a specific 
interaction, by preparing mutant derivatives (38, 216). Fourth, 
interactions that depend on a multisubunit tethered protein 
can be detected, unlike the case with protein blotting. 

One potential problem derives from the very sensitivity of 
the technique- Since it detects interactions that are so weak, 
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independent criteria must be used to establish that the inter- 
action is physiologically relevant Detection of a false-positive i 
signal can arise for a number of other reasons. First, the pro-„ - 
tein may bind the test protein because of charge interactions- : ' 
for this reason, it is desirable to use a control column with 
approximately the same ionic charges. Second, the proteins 
may interact through a second protein that interacts with the 
test protein; although interesting in itself, the interaction may 
not be direct. Third, the proteins may interact with high spec- 
ificity even though they never encounter one another in the 
cell. The most famous example of this type is the high affinity 
of actin for DNase I (125). 

For all of these reasons, the prudent course is to indepen- 
dently demonstrate the interaction in vitro or, if possible, in 
vivo. Cosedimentation was used to confirm the interaction of 
RAP 72 (now known as RAP 74) and RAP 30 with RNA 
polymerase II (206), NusA protein with core RNA polymerase 
(80), and NusB protein with ribosomal protein S10 (138). In 
other cases, more biological criteria were used. For example, 
antibodies were generated against many of the proteins that 
interacted with F-actin (but not monomelic G-actin) on col- 
umns, and these were used to demonstrate that more than 90% 
of the corresponding proteins were localized with an actin-like 
distribution during mitosis of Drosophila embryos at the syn- 
cytial blastoderm stage of development (144). The identifica- 
tion of three yeast actin-binding proteins was confirmed in 
three separate ways: one of the proteins was shown to corre- 
spond to the yeast analog of myosin by virtue of a shared 
epitope; another protein colocalized with actin cables and cor- 
tical actin patches, and overproduction of the third protein 
caused a reorganization of the actin cytoskeleton (53). In the 
identification of micro tubule-associated proteins, two criteria 
were used to demonstrate the authenticity of the results (113). 
First, antibodies for 20 of the 24 candidate microtubule-asso- 
ciated proteins stain various parts of microtubule structures of 
Drosophila embryos during the cell cycle. Second, many (but 
not all) of the microtubule-associated proteins isolated on mi- 
crotubule affinity columns are the same as those isolated by 
traditional cosedimentation methods of Vallee and Collins 
(219). 

Failure to detect an interaction can occur for a number of 
technical reasons, described above. A false-negative result can 
arise for two additional reasons: the interacting protein may 
not be able to exchange with another protein to which it is 
binding, or the two proteins may not be able to interact both 
with each other and with the resin. 

Protein affinity chromatography does not always yield an- 
swers corresponding to other approaches. For reasons that are 
unclear, a large number of proteins were detected by probing 
SDS-polyacrylamide gel electrophoresis (PAGE) gels with a 
GST fusion of the SH2 domain of Abl tyrosine kinase, but only - 
a couple of proteins were detected on columns coupled with 
this protein (139). Similarly, a specific protein was detected on 
F-actin columns stabilized by suberimidate cross-linking but 
not with phalloidin (144). Finally, G-actin interacting proteins 
are very difficult to detect with columns of G-actin, although 
such columns bind DNase I; by contrast, DNase I columns can 
be used to detect such G-actin interactions (24). 



Affinity Blotting - r ^ 

In a procedure analogous to th use of affinity columns, 
proteins can be fractionated by PAGE transferred to a nitro- 
cellulose membrane, and identified by their ability to bind a 
protein, peptide, or other ligand. This method is similar to 
immunoblotting (Western blotting) r which uses ah^ahtibodyas 



'the probel ! Complex mixtures of proteins, such as total-cell 
rysates,' can be analyzed without any purification! Therefore, 
;this method has been particularly useful for membrane pro- 
steins, such as cell surface receptors (see reference 207 for a 
*f discussion). Cell lysates can also be fractionated before gel 
electrophoresis to increase the sensitivity of the method for 
|p detecting interaction with rare proteins. 

Considerations in affinity blotting include the biological ac- 
tivity of the proteins on the membrane, the preparation of the 
It protein probe, and the method of detection. Denaturing gels, 
jjjjg-, which are run in the presence of SDS and sulfhydryl reducing 
^ agents, will inactivate most proteins and separate subunits of a 
ig; complex. These denaturants are removed during the blotting 
*J procedure, which allows many proteins to recover (or partially 
recover) activity. However, if biological activity is not recover- 
able, the proteins can be fractionated by a nondenaturing gel 
: • system. This method eliminates the problem of regeneration of 
activity and allows the detection of binding in cases when 
binding requires the presence of a protein complex. 
The protein probe can be prepared by any one of several 
< procedures, and, as with affinity columns, the recent advent of 
v fusing tags to the protein has greatly facilitated this purifica- 
tion. Synthesis in E. coli with a GST fusion, epitope tag, or 
other affinity tag is most commonly used. The protein of inter- 
est can then be radioactively labeled, biotinylated, or used in 
• the blotting procedure as an unlabeled probe that is detected 
by a specific antibody. Vectors that incorporate into the pro- 
tein a short amino acid sequence recognized by the heart 
muscle cyclic AMP (cAMP)-dependent protein kinase provide 
another convenient means for in vitro labeling (18). 

One example of affinity blotting is the study of calmodulin- 
binding proteins (77). Calmodulin can be 125 I labeled and used 
either to probe a gel strip directly or to probe a nitrocellulose 
membrane after transfer of fractionated proteins. Because the 
extent of renaturation of calmodulin-binding proteins is vari- 
\ able, the assay is not quantitative. False-positive results have 
been detected in which a basic sequence binds calmodulin, 
although generally this binding is Ca 2+ independent. A major 
advantage of this technique is that in the analysis of a multi- 
^ meric protein that binds calmodulin, the precise binding 
V polypeptide can be readily identified by affinity blotting with 
calmodulin. Using a combination of genetic approaches, 
Geiser et al. (73) identified the spindle pole body component 
SpcllO (Nufl) as interacting with yeast calmodulin and then 
used affinity blbtting to demonstrate that labeled calmodulin 
: could directly detect a GST-SpcllO fusion transferred to a blot 
after fractionation by SDS-PAGE. 
Affinity blotting has been widely used in studies of the as-, 
•v sociation of the regulatory subunit of the type II cAMP-de- 
pendent protein kinase with numerous specific anchoring pro- 
teins (reviewed in reference 29). Two-dimensional procedures 
of isoelectric focusing followed by SDS-PAGE have been used 
; to increase the separation of these anchoring proteins. As a 
control in some of these experiments, a mutant of the regula- 
tory subunit that is deleted for the first 23 residues did not 
detect any anchoring proteins. 

o; r Immunoprecipitation 

; { Coimmunoprecipitation is a classical method of detecting 
r : ; „ protein-protein interactions and has been used in literally 
thousands of experiments. The basic experiment is simple. Cell 
; ; ; lysates are generated, antibody is added, the antigen is precip- 
>; itated and washed, and bound proteins are eluted and ana- 
. ryzed. Several sources of material are in wide use. The antigen 
* : used to make the antibody can be purified protein (either from 
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the natural tissue or organism or purified after expression in 
another organism) or synthetic peptide coupled to carrier, and 
the antibody can be polyclonal or monoclonal. Alternatively, 
the protein can carry an epitope tag for which commercially 
available antibodies are available (12CA5 and c-Myc are in 
common use) or a protein tag (such as GST) for which beads 
are avaOable to rapidly purify the GST fusion protein and any 
copurifying proteins. Glutathione-agarose beads were used, for 
example, to detect and characterize a GTP-dependent inter- 
action of Ras and Raf (227) and to demonstrate that the v-Crk 
SH2 domain, binds the phosphorylated form of paxillin (16). 
The GST fusion immunoprecipitates a 70-kDa protein that 
reacts with anti-paxillin antibody and with anti-phosphoty- 
rosine antibody; moreover, anti-paxillin immunoprecipitates a 
protein that reacts with anti-Crk antibody but only under con- 
ditions when the paxillin is phosphorylated. 

Several criteria are used to substantiate the authenticity of a 
coimmunoprecipitation experiment. First, it has to be estab- 
lished that the coprecipitated protein is precipitated by the 
antibody itself and not by a contaminating antibody in the 
preparation. This problem is avoided by the use of monoclonal 
.antibodies. Polyclonal antibodies are usually preadsorbed 
against extracts lacking the protein to remove contaminants or 
are prepurified with authentic antigen. Peptide-derived anti- 
sera (which are usually made by coupling of the peptide to a 
carrier protein) are usually preadsorbed against the protein 
that was coupled, to remove antibody against the carrier, in 
addition to the usual purification to remove contaminating 
antibody. Second, it has to be established that the antibody 
does not itself recognize the coprecipitated protein. This can 
be accomplished by demonstrating persistence of coprecipita- 
tion with independently derived antibodies, ideally with spec- 
ificities toward different parts of the protein. Alternatively, it 
can sometimes be demonstrated that coprecipitation requires 
the presence of the antigen; cell lines, growth conditions, or 
strains that lack the protein cannot coprecipitate the protein 
unless the antigen is added. In certain cases, it can also be 
shown that antibody generated against the coprecipitated pro- 
tein will coprecipitate the original antigen. Third, one would 
like to determine if the interaction is direct or proceds through 
another protein that contacts both the antigen and the copre- 
cipitated protein. This is usually addressed with purified pro- 
teins, by immunological or other techniques. Fourth, and most 
difficult, is determining that the interaction takes place in the 
cell and not as a consequence of cell lysis. Such proteins ought 
to colocalize, or mutants ought to affect the same process. 

A particularly good example of this technique is the dem- 
onstration that adenovirus E1A protein interacts with Rb pro- 
tein. A mixture of monoclonal antibodies against E1A coim- 
munoprecipitated a discrete set of five polypeptides (and some 
smaller ones) from a cell line expressing E1A, including a 
particularly abundant one of 110 kDa (84). Four lines of evi- 
dence supported the claim that the 110-kDa polypeptide was 
fonning a complex with E1A protein. First, coprecipitation was 
not specific to a single antibody; three independent monoclo- 
nal antibodies against E1A protein coimmunoprecipitated this 
protein. Second, these antibodies did not themselves recognize 
or immunoprecipitate the native or denatured 110-kDa pro- 
tein, although they recognized and immunoprecipitated native 
and denatured E1A protein. Third, coprecipitation required 
El A protein; the 110-kDa polypeptide could be immunopre- 
cipitated from HeLa extracts (which do not contain E1A pro- 
tein) only if a source of E1A protein was added. Fourth, the 
complex could be detected independently in crude lysates; a 
subpopulation of E1A protein in lysed cells sedimented at 10S 
rather than at 4S, and this subpopulation contained coimmu- 
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noprecipitable 110-kDa protein. A similar 110-kDa protein (as 
well as a similar set of other proteins) was also identified with 
antipeptide antisera against E1A protein (242). Two separate 
antisera (one against an amino-terminal peptide and one 
against a carboxyl-terminal peptide) each coprecipitated the 
110-kDa polypeptide, and coprecipitation was prevented either 
with an excess of the corresponding El A peptide antigen or in 
cell extracts lacking E1A protein. 

Subsequent studies established that this 105- to 110-kDa 
polypeptide was the Rb gene product (236). To this end, 
monoclonal antibodies against the 110-kDa protein were pre- 
pared by immune purification of the 110-kDa protein. The 
resulting antibody coprecipitated E1A protein, just as anti- 
El A coprecipitated the 110-kDa protein. Since the 110-kDa 
protein was the same size as Rb protein, and since it was 
present in a wide variety of cell lines but not in cell lines known 
to contain deletions of the Rb gene, it seemed likely that the 
110-kDa protein was Rb protein. This was proved by using 
anti-Rb peptide antibodies against different regions of Rb in 
three experiments. First, 110-kDa protein precipitated with 
anti- 110-kDa antibody comigrated and had the same partial 
peptide map as that precipitated with anti-Rb antibody. Sec- 
ond, 110-kDa protein precipitated with anti-ElA antibody 
could be detected in immunoblots with two different anti-Rb 
antibodies, and this detection was inhibited by the correspond- 
ing peptide antigen. Third, anti- 110-kDa antibody could im- 
munoprecipitate Rb protein synthesized in vitro. 

When coimmunoprecipitation is performed with unsupple- 
mented crude lysates, as is often the case, this technique has 
four distinct advantages. First, like protein affinity chromatog- 
raphy, it detects the interactions in the midst of all the com- 
peting proteins present in a crude lysate; therefore, the results 
from this sort of experiment have a built-in specificity control. 
Second, both the antigen and the interacting proteins are 
present in the same relative concentrations as found in the cell; 
therefore, any artificial effects of deliberate overproduction of 
the test protein are avoided. Third, elaborate complexes are 
already in their natural state and can be readily coprecipitated; 
such complexes might otherwise be difficult to assemble in 
vitro. Fourth, the proteins are present in their natural state of 
posttranslational modification; therefore, interactions that re- 
quire phosphorylation (or lack of phosphorylation) are more 
realistically assessed. Two disadvantages are also apparent. 
First, coimmunoprecipitating proteins do not necessarily inter- 
act directly, since they can be part of larger complexes. For 
example, the coprecipitation of El A and p60 (now known to 
be cyclin A) (84) occurs indirectly; E1A interacts with pl07 
(237), and pl07 interacts with cyclin A (61, 62). Similarly, 
coprecipitation of Rb protein with E2F probably occurs 
through another protein (92, 179). Second, coprecipitation is 
not as sensitive as other methods, such as protein affinity chro- 
matography, because the concentration of the antigen is lower 
than it is in protein affinity chromatography. This can be over- 
come by deliberately adding an excess of the antigen to the 
crude lysates to drive complex formation, as was done to detect 
a 46-kDa protein that competed with simian virus 40 T antigen 
for Rb protein (100). It can also be overcome by covalently 
CToss-linking the proteins prior to immunoprecipitation (48) 
see the section on cross-linking, below). These alterations' of 
course perturb the natural conditions that make immunopre- 
cipitation an attractive method. * - - \ .. X:/: , ./ 

Cross-Linking 

Cross-linking is used in two ways to deduce protein-protein 
interactions. First, it is used to deduce the' architecture of 
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FIG. 2. Two-dimensional gels to identify cross-linked proteins in a complex. 
Proteins that are not cross-linked have the same mobility in both dimensions of 
the SDS gel and form a diagonal. Proteins that are cross-linked migrate slowly in 
the first dimension; after cleavage of the cross-link with mercaptoethanol (2- 
MSH), these proteins migrate at their native positions in the second dimension 
and are off the diagonal. 



proteins or assemblies that are readily isolated intact from the 
cell. Second, it is used to detect proteins that interact with a 
given test protein ligand by probing extracts, whole cells, or 
partially purified preparations. . 

Determination of architecture. The classical method of iden- 
tifying interacting partners in a purified protein complex in- 
volves analysis by two-dimensional gels (Fig. 2). The procedure 
involves three steps. First, the. complex is reacted with a cleav- 
able Afunctional reagent of the form RSSR', and the R and R' 
groups react with susceptible amino acid side chains in the 
protein complex. This reaction forms adducts of the form P- 
RSSR'-P'. Second, the proteins are fractionated on an SDS-gel 
in the absence of reducing agents. The gel separates the pro- 
teins based on molecular weight, and cross-linked proteins of 
the form P-RSSR'-P' migrate as species of greater molecular 
weight. Third, a second dimension of the SDS-gel is run after 
treatment of the gel with a reducing agent to cleave the central 
S — S bond. Un-cross-linked species align along the diagonal, 
because their molecular weights do not change after reduction. 
Cross-linked proteins migrate off the diagonal because they 
migrated as P-RSSR'-P' in the first dimension and as mole:- 
cules of the form P-RSH and P'-R'SH in the second dimen- 
sion. The cross-links are identified by their size, which corre- 
sponds to that of the un-cross-linked species P and P'. This 
method has been discussed at a practical step-by-step level by 
Traut et al. (215). 

Cross-linking has been used to study the architecture of 
multienzyme complexes such as CF 1 -ATPase (7) and E. coli 
F r ATPase (21). It has also been used to study the structure of 
much more complicated structures like the ribosome (41, 215). 
Since these structures are complex, the corresponding cross- 
linking pattern is necessarily complex. Furthermore, as might 
be expected, different patterns are sometimes obtained as the 
reactive group is changed and as the distance between the 
reactive groups is altered (41, 215). Several approaches have 
been taken to simplify the cross-linking patterns resulting from 
these experiments. In one approach, the proteins are prefrac- u 
donated on urea-acrylamide gels or on CM-Sepharose before 
diagonal electrophoresis (41, 217)- A second approach involves 
running two-dimensional gels without cleaving the cross-link^ :s 
followed by lution of individual species, cleavage of the cross- 1 
link, and resolution of the resulting proteins on a third gel (22); ^ 
A third approach involves the use of antibody to identify cross- 
linked partners after the use of appropriate gels (180,1 212). J 
Transfer of the gels followed by immunoblotting allows one to '*% 
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i\ unequivocally identify each member of a cross-linked pair. 
Since this method is so powerful, one-dimensional gels often 
suffice and noncleavable cross-linking reagents are easily used 
5 Since immunoblottirig is also very sensitive, one can take care 
f to limit cross-linking to acceptably low levels. 
L Detecti n of interacting proteins, (i) Detection in vivo. 
Cross-linking in vivo can be accomplished with membrane- 
permeable cross-linking reagents followed by immunoprecipi- 
? tation of the ligand protein. This method was used to detect a 
|| 60-kDa protein that interacts with Ras (48). Immunoprecipi- 
W tation of this protein required both immune sera and cross- 
f| linking and was inhibited when excess Ras was added before 
ft; immunoprecipitation. Since the cross-linked protein could be 
■If- released from the immune complex by cleavage of the cross- 
link with dithiothreitol (but not by incubation of the immune 
r. complex in buffer), it was truly cross-linked. Since pretreat- 
ment of the cross-linking reagent with excess amino groups 
'-' inhibited cross-linking but excess amino groups did not inhibit 
; ; ; cross-linking if cells were lysed in their presence, cross-linking 
must have occurred in vivo. The complex was reproducibly 
j increased after mitogenic stimulation and could be detected in 
y cells producing normal amounts of Ras. This experiment 
v makes another point: at least in these experiments, cross-link- 
- ing before immunoprecipitation is a more sensitive technique 
lf than immunoprecipitation alone. 

(ii) Detection in vitro. The addition of an isolated protein or 
.[. a peptide to a complex system offers a huge potential for 
. precise and powerful cross-linking methods. Several different 
such methods have been used to detect interacting proteins. 

(a) Labeled peptide or protein. Detection of cross-linking 
partners is incomparably cleaner if the protein or peptide is 
V labeled before cross-linking, because there is only one source 
of labeled material. For example, 125 Mabeled gamma inter- 
feron was used to detect receptors that were cross-linked ( 1 92), 
and in vivo labeled interleukin-5 was purified before cross- 
: linking to detect interacting receptors (147). 

Proteins are also routinely labeled in vitro with [ 35 S]methi- 
i- onine during translation, and this was followed by cross-linking 
and by immunoprecipitation to detect protein interactions. 
$ This has been doner for example, to detect interaction of pre- 
]' prolactin and pre^-lactamase with signal sequence receptor 
: and translocation chain-associating protein during glycosyla- 
tion (79) and to detect mitochondrial import proteins in con- 
tact with translocation intermediates (195, 204). 
- (b) Photoaffinity cross-Unking with labeled cross4inking re- 
} agent. A particularly useful reagent is the Denny-Jaffee re- 
agent, a cleavable heterobifunctional photoactivatable cross- 
■ linking reagent that is labeled on the photoactivated moiety 
I (49). This reagent can be coupled to an isolated protein, which 
is then incubated in an appropriate extract and photoactivated 
; to cross-link nearby proteins. Since the label is on the photo- 
activatable moiety of the cross-linking reagent, it is transferred 
, to the cross-linked protein after cleavage of the cross-linking 
reagent (Fig. 3). This cross-linking reagent has been used to 
identify a specific 56-kDa ZP3-binding protein on acrosome- 
intact mouse sperm (19). As much as 90% of the label initially 
on ZP3 could be transferred to the 56-kDa protein, and cross- 
. linking was inhibited by excess unlabeled ZP3 protein. More- 
^< over, ZP3 affinity columns retained a protein with the same 
molecular mass. This reagent has also been used to demon- 
ic strate that phospholamban interacts with a specific site on the 
|f ATPase from sarcoplasmic reticulum only when it is nonphos- 
g phorylated and the ATPase is in the Ca* + -free state (106). 
I^?, ' Another useful reagent of this type is 125 I-{S-[N-(3-iodo-4- 
?{; azidosalicyl)cystearnmyl>2-tmopyridine}, also called IAC, a 
cysteine-specific modifying reagent This reagent was used to 
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FIG. 3. Specific labeling of an interacting protein with a labeled photoacti- 
vatable cross-linlung reagent. 



demonstrate that the carboxy-terminal region of the subunit of 
E. coli RNA polymerase was adjacent to the activating domain 
of the catabolite activator protein (CAP) (33). To do this, a 
unique cysteine was introduced onto the surface of CAP, in a 
residue which tolerates a large number of mutations, and a 
preexisting surface cysteine was changed to serine. Subsequent 
reaction with labeled IAC resulted in quantitative incorpora- 
tion of label and in protein with 70% of its transcription acti- 
vation activity. Irradiation of the ternary complex of DNA, 
CAP, and RNA polymerase yielded 20% cross-linking, all of 
which was with a particular domain of the subunit of poly- 
merase. 

(c) Direct incorporation of photoreactive lysine derivative dur- 
ing translation. A photoactivatable group can be incorporated 
directly into the translation product by using a modified lysyl- 
tRNA. If translation is done in the presence of [ 35 S]methi- 
onine, the protein is simultaneously labeled and ready for 
photoactivated cross-linking. This approach has been particu- 
larly valuable in investigating the process by which proteins are 
inserted into the endoplasmic reticulum. During elongation, 
signal recognition particle (SRP) binds the nascent chain and 
halts translation until the arrested translation product is 
brought to the SRP receptor. This releases SRP, allowing 
translation to continue, coupled with translocation of the pro- 
tein into the endoplasmic reticulum. With bovine preprolactin, 
there are two lysines at positions 4 and 9 of the signal sequence 
and no other -lysine residues within the first 70 amino acids, 
after which translation is normally stopped by SRP. Thus, 
incorporation of lysine with a photoactivated group specifically 
probes interaction of the signal sequence with other interacting 
proteins. In this way, the nascent chain was specifically cross- 
linked with the 54-kDa protein of SRP and a 35-kDa micro- 
somal membrane protein, called the signal sequence receptor 
(239). Subsequent experiments in the same system relied on 
translation of truncated mRNAs bearing lysine codons at dif- 
ferent positions. These templates produce proteins that remain 
tethered to the ribosome through peptidyl-tRNA because of 
the lack of a termination codon. They therefore cannot com- 
plete translocation and are trapped, presumably as intermedi- 
ates. In this way, it was shown that lysines in different positions 
also recognized the same 35-kDa membrane protein (121, 
238). Moreover, this protein is probably required for translo- 
cation because antibodies against it inhibit translocation in 
vitro (87). 

Investigation with the same system in S. cerevisiae demon- 
strated that prepro-a-factor is in contact with Sec61 protein 
(155). Antibody against either Sec61 or prepro-a-factor pre- 
cipitated the same labeled cross-linked protein. Cross-linking 
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was observed only when prepro-a-factor was tethered; release 
of the protein with puromycin or a complete translation se- 
quence abolished cross-linking. Moreover, the tethered pre- 
pro-a-factor was glycosylated while it was tethered, and cross- 
linking was ATP dependent for large tethered prepro-a-factor 
peptides; this indicated that prepro-a-factor had entered the 
normal glycosylation pathway. Sanders et al. (191) also dem- 
onstrated by conventional cross-linking followed by immuno- 
precipitation that Sec61 is in contact with tethered proteins 
being translocated (in this case by covalent coupling to avidin); 
the same experiments also demonstrated that BiP (Kar2) was 
cross-linked to the translocation intermediates and that sec62 
and sec63 mutants modulate the process. The convergence of 
genetics and biochemical cross-linking studies further substan- 
tiates these interactions. 

(d) Site-specific incorporation of photoreactive amino acid de- 
rivative during translation. Use of a suppressor tRNA to incor- 
porate a photoactivatable amino acid derivative results in site- 
specific incorporation by use of a gene carrying a single stop 
codon. Two such reports have been described. High et al. (94). 
used a charged amber suppressor tRNA to insert a phenylal- 
anine derivative into various regions of the signal sequence of 
preprolactin. Cross-linking experiments demonstrated that the 
amino-terminal end of the signal sequence is in proximity to 
the translocating chain-associating protein, whereas the hydro- 
phobic core of the sequence contacts Sec61 protein. Cornish et 
al. (39) used a similar method to incorporate a dhferent pho- 
toaffinity label. Still to be described is a similar method involv- 
ing a labeled photoactivated amino acid replacement — the ul- 
timate magic bullet. 

(iii) Other considerations. One major disadvantage of using 
any cross-linking technique to detect protein-protein interac- 
tions is that it detects nearest neighbors which may not be in 
direct contact. The cross-linking reagent reaches out to any 
protein in close vicinity; thus, it may appear to detect pro- 
tein interactions that are more like ships just passing in the 
night. This is more and more of a problem as the size of the 
cross-linking reagent increases. Any interaction detected by 
cross-linking should therefore be independently assessed for 
protein-protein interactions. However, cross-linking has three 
important advantages over other methods. First, it can "ce- 
ment" weak interactions that would otherwise not be visible by 
other methods (see, for example, reference 48). Second, it can 
be used to detect transient contacts with different proteins at 
various stages in a dynamic process such as glycosylation, by 
freezing the process at different stages. Third, cross-linking can 
be done in vivo with membrane-permeable cross-linking re- 
agents (48). It may also be possible to detect cross-linking in 
vivo after microinjection of a protein that is modified with a 
photoactivatable cross-linking group. To our knowledge, this 
has not yet been reported. 

LIBRARY-BASED METHODS 

A variety of methods have been developedlto screen large 
libraries for genes or fragments of genes whose products may 
interact with a protein of interest. As these methods are by 
their nature highly qualitative, the interactions identified must 
be subsequently confirmed by biochemical approaches. How- 
ever, the enormous advantage of these strategies is that the 
genes for these newly identified proteins or peptides are im- 
mediately available. This is in sharp contrast to the biochemical 
methods described in the section on physical methods to select 
and detect proteins that bind another protein, above, which 
generally result in the appearance of bands on a poryacryl- 
amide gel. These library methods also differ from classical 
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FIG. 4. Use of a labeled protein to probe an. expression library. 



genetic techniques described in the section on genetic meth- 
ods, below, which often require a specific phenotype before 
they can be carried out. Library screens are generally per- 
formed in bacteria or yeasts, organisms with rapid doubling 
times. Thus, these procedures can be completed rapidly. 

Protein Probing 

A labeled protein can be used as a probe to screen an 
expression library in order to identify genes encoding proteins 
that interact with this probe. Interactions occur on nitrocellu- 
lose filters between an immobilized protein (generally ex- 
pressed in £. coli from a Xgtll cDNA library) and the labeled 
probe protein (Fig. 4). The method is highly general and there- 
fore widely applicable, in that proteins as diverse as transcrip- 
tion factors and growth factor receptors have been used as 
probe. A variety of approaches can be used to label the protein 
ligand, or this ligand can be unlabeled and subsequently de- 
tected by specific antibody. 

The method is based on the approach of Young and Davis 
(244), who showed that an antibody can be used to screen 
expression libraries to identify a gene encoding a protein an- 
tigen. The Xgtll libraries typically use an'isopropyl-p-D-thio- 
galactopyranoside (IPTG)-inducible promoter to express pro- 
teins fused to (5-galactosidase. Proteins from the bacteriophage 
plaques are transferred to nitrocellulose filters, incubated with 
antibody, and washed to remove nonspecifically bound anti- 
body. Protein ligands were first used as probes in this type of 
experiment by Sikela and Hahn (200), who identified a brain 
calmbdulm-bmding protein with ^I-labeled calmodulin as the ; 'i 
probe. The Xgtl 1-expressed fusion protein bound calmodulin. 
with a K d between 3 and 10 nM, and binding was dependent on f 
the presence of Ca 2+ .The signal-to-noise ratio in these exper- >| 
iments was higher than that found with various antibody 
probes. • — - ■ '-"v- 

MacGregor et al (135) used th leucine zipper and DNA- "J)i 
binding domain of Jun as a probe and identified th rat cAMP . . § 
response element-binding protein type 14 In this case; thejun^^ 



domain was biotinylated and detected with a streplavi din-al- 
kaline phosphatase conjugate. Buffer conditions could be ad- 
i justed, to. distinguish a Jun-Jun^ homodimer from the more 
'•V stable Fos-Jun heterodimen; Blackwood and Eisenman (17) 
■ used a similar approach with the basic-region helix-loop-helix 
leucine zipper domain (bHLH-zip) of the c-Myc protein. A 
v 92-residue carboxy terminus of Myc, containing this domain, 
was expressed as a GST fusion protein, purified by glutathione- 
f : agarose affinity chromatography and 1 I labeled. This probe 
i identified a new bHLH-zip protein termed Max, and gel shift 
^ experiments indicated that the Myc-Max complex exhibited 
|P site-specific DNA binding under conditions where neither Myc 
nor Max alone could bind. These results were critical in estab- 
I lishing a long-sought role for the Myc protein. Extending this 
£ result, Ayer et al. (6) used Max as a labeled probe to identify 
another member of this class, termed Mad. 

A major advantage of the protein-probing approach is that 
the protein probe can be manipulated in vitro to provide, for 
j example, a specific posttranslational modification or a metal 
cofactor. This modification or cofactor may be essential for the 
ability of the probe to bind to other proteins. This feature of 
the approach was exploited in the Ca -dependent binding of 
calmodulin (200). Skolnik et al. (201) extended this use to 
phosphorylated probes in order to find proteins that bind to 
the carboxy-terminal phosphorylated tail of the epidermal 
growth factor (EGF) receptor. This tail is part of the intracel- 
lular domain of the receptor, which possesses a protein ty- 
rosine kinase activity stimulated by binding of EGF. Skolnik et 
al. purified this domain from cells infected with a recombinant 
baculovirus, tyrosine phosphorylated it in vitro, and cleaved it 
to separate the phosphorylated carboxy-terminal tail from the 
protein kinase domain. Probing an expression library identified 
proteins containing the SH2 domain, which recognizes phos- 
photyrosyl-containing peptides. This cloning approach might 
be applied to the identification of proteins interacting with 
other activated phosphorylated receptors, including tyrosine- 
and serine-specific phosphatases as well as kinases. In addition, 
it should be possible to modify probe proteins by means other 
than phosphorylation to identify new proteins that recognize 
such modifications?" 
- Probing expression libraries with labeled protein has numer- 
ous advantages. Since any protein or protein domain can be 
specifically labeled for use as a probe, the sophisticated arsenal 
of GST fusion vectors, other expression and tagging systems, 
and in vitro translation systems can be exploited; this makes 
: preparation of the probe relatively straightforward. If specific 
antibody to the target protein is available, the probe protein 
need not be labeled; the antibody can be used in a second step 
t to detect plaques that have bound the target protein. More 
T: than 10 6 plaques can be screened in an experiment, plating 5 x 
h 10 4 plaques per 150-mm dish. The method not only results in 
W the immediate availability of the cloned gene for the interact- 
% ing protein but also can provide data regarding a specific do- 
iU main involved in the interaction, because the Xgtll insert is 
^ often only a partial cDNA. Conditions of the wash cycles can 
^ be adjusted to vary the affinity required to yield a signal. As 
^ with many library-based methods, probing expression libraries 
|| compares equally all binary combinations of the probe protein 
|py and a library-encoded protein. Thus, less abundant proteins, 
Jg; proteins with weak binding constants, and proteins that tem- 
|||j>orally or spatially rarely interact with the probe protein in 

J^yivo can all be detected as long as their transcripts are present 
|^in the mRNA pool used to generate the library. 
g0\ .This method has certain intrinsic limitations. Proteins en- 
j| coded by the library must be capable of folding correctly in £. 
j^co/i, generally as fusion proteins, and of mamtaining their 




structure on a nitroceBulose filter. However, proteins often can 
be renatured by subjecting the filters to a denaturation-rena- 
turation cycle with 6 M guanidine hydrochloride as described 
by Vinson et al. (222). Binding conditions are arbitrarily im- 
posed by the investigator, rather than reflecting the native 
environment of the cell. Since all combinations of protein- 
protein interactions are assayed, including those that might 
never occur in vivo, the possibility of identifying artifactual 
partners exists. In particular, the relative abundance of each 
potential partner expressed in a colony or plaque of the library 
is similar, instead of varying and potentiaDy being compart- 
mentalized as in the cell. Any posttranslational modifications 
necessary for efficient binding will generally not occur in bac- 
teria (although some such modifications can be performed in 
vitro). Screening rather than direct selection is the means of 
detection, which inherently limits the number of plaques that 
can be assayed. The use of screening also restricts the further 
genetic manipulations that can be applied to the cDNA inserts. 
For example, in the analysis of point mutations, it is not pos- 
sible to select directly for rare mutations that affect the inter- 
action. Different protein probes are likely to behave variably in 
this approach,~such that binding and washing conditions may 
have to be adjusted in each case t6 maximize the signal-to- 
noise ratio. 

Phage Display 

Basic approach. Smith (203) first demonstrated that an E. 
coli filamentous phage can express a fusion protein bearing a 
foreign peptide on its surface. These foreign amino acids were 
accessible to antibody, such that the "fusion phage" could be 
enriched over ordinary phage by irnmunoaffinity purification. 
Smith suggested that libraries of fusion phage might be con- 
structed and screened to identify' proteins that bind to a spe- 
cific antibody. In the past few years, there have been numerous 
developments in this technology to make it applicable to a 
variety of protein-protein and protein-peptide interactions. 

Filamentous phages such as M13, fd, and fl have approxi- 
mately five copies of the gene III coat protein on their surface; 
thus, a foreign DNA sequence inserted into this gene results in 
multiple copies of the fusion protein displayed by the phage. 
This is called polyvalent display. Similarly, the major coat pro- 
tein encoded by gene VIII can also display a foreign insert 
(104). The gene VIII protein allows up to 2,700 copies of the 
insert per phage. Generally, polyvalent display is limited to 
small peptides (see the next section) because larger inserts 
interfere with the function of the coat proteins and the phage 
become poorly infective. 

Random sequences can be inserted into gene III or gene 
VIII to generate a library of fusion phage (Fig. 5). Such a 
library can then be screened to identify specific phage that 
display any sequence for which there is a binding partner, such 
as an antibody. This screening is performed by a series of 
affinity purifications known as panning. The phage are bound 
to the antibody, which is immobilized on a plastic dish. Phage 
that do not bind are washed away, and bound phage are eluted 
and used to infect E, coli. Each cycle results in a 1,000-fold or 
greater enrichment of specific phage, such that after a few 
rounds, DNA sequencing of the tight-binding phage reveals 
only a small number of sequences. In addition to the advantage 
of high selectivity, a second advantage of this technology is that 
large phage libraries can be constructed (up to 10 9 to 10 10 
complexity) and the affinity purification step can be carried out 
at very high concentrations of phage (>10 13 phage per ml) 
(50). Third, the direct coupling of the fusion protein to its gene 
in a single phage allows the immediate availability of sequence 
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FIG. 5. A peptide library in a filamentous phage vector. The figure illustrates 
the process of panning, by which peptides that bind to an adsorbent are identi- 
fied. 



data to generate one or more consensus sequences of bound 
peptides or the sequences of variant proteins with a specific 
phenotype. Fourth, the phage can be used directly to assess the 
binding specificity of the encoded fusion proteins by varying 
the stringency of the wash procedures used in the panning 
cycles. 

Random-sequence peptide libraries have been generated by 
cloning synthetic oligonucleotides into gene III (Fig. 5). Scott 
and Smith (198) generated a hexapeptide library and screened 
it to identify epitopes for two monoclonal antibodies specific 
for a hexapeptide from the protein myohemerythrin; Cwirla et 
al. (44) constructed a similar hexapeptide libraryto. find pep- 
tides that can bind to a monoclonal antibody specific for a 
tetrapeptide from p-endorphin. Such epitope libraries allow 
rapid characterization of an unknown epitope recognized by 
either a > monoclonal antibody or polyclonal serum. For exam- 
ple, monoclonal antibody pAB240, which recognizes the mu- 
tant conformation of the tumor suppressor p53 protein, was 
shown to bind to a 5-amino-acid motif in p53 (210). The bind- 
ing partner for the phage-encoded peptides need not be an 
antibody. For example, Devlin et al. (50) constructed a 15- 
residue peptide library and used it to identify nine different 
peptides that bind to streptavidin. Y 

A major advance in phage display came with the develop- 
ment of a monovalent system in which the coat protein fusion 
is expressed from a phagemid and a helper phage supplies a 
large excess of the wild-type coat protein (11, 131). Therefore, 
the phage are functional because the recombinant protein 
makes up only a small amount of the total coat protein. The 
vast majority (>99%) of the population of phage particles 
display either one or no copies of the fusion protein on their 
surface. Such phage can accommodate 50 kDa of foreign pro- 
tein without any significant effect on phage infectivity. In ad- 
dition, monovalent phage display avoids potential avidity ef- 



fects observed with polyvalent display, in which the phage can 
attach to the adsorbent at multiple points. ^ 

Phage display has also been used to identify proteins with 
increased binding affinity. In some cases, the use of monova- : 
lent display was necessary to avoid potential avidity effects, 
attributed to multipoint attachment of the polyvalent phage to 
the absorbent (231). Lowman et al. (131) expressed nearly one 
million mutants of human growth hormone (191 residues) as 
fusion phage and identified variants that bound tightly to the 
growth hormone receptor. The mutations were directed to 12 
sites known to be important for binding to the receptor. Some 
variants had binding affinities up to eightfold greater than that 
of the wild- type hormone. Roberts et al. (186) used polyvalent 
display of bovine pancreatic trypsin inhibitor and directed mu- 
tagenesis to five residues of tne protein. They selected for 
high-affinity inhibitors of human neutrophil elastase and iden- 
' tified one variant with an affinity 3.6 X 10 6 higher than that of 
wild-type bovine pancreatic trypsin inhibitor. 

A similar strategy can be used with nontargeted mutagene- 
sis. For example, Pannekoek et al. (167) expressed human 
plasminogen activator inhibitor L a 42-kDa protein, as a gene 
III protein fusion under conditions for monovalent display. 
The phage-displayed inhibitor could specifically form com- 
plexes with serine protease tissue-type plasminogen activator. 
PCR mutagenesis was used to generate a library of mutant 
plasminogen activator inhibitor 1 proteins, which can be 
screened to analyze structure-function relationships. 

Phage display presents several advantages for the study of 
protein-protein interactions. The very large sizes of either ran- 
dom libraries or pools of individual variants of a single se- 
quence that can be generated mean that complex mixtures can 
be screened. While not strictly a genetic approach, in that there 
is no direct selection for an interacting partner, phage display 
has many of the properties of genetic selection through its use 
of panning cycles. It is a rapid procedure and should be widely 
applicable. Although screening a random library of cDNA by a 
panning procedure to identify proteins that interact with a 
protein of interest has not yet been demonstrated, this strategy 
should prove workable. 

Disadvantages of phage display include the size limitation of 
protein sequence for polyvalent display; the requirement for 
proteins to be secreted from E, coli; and the use of a bacterial 
host which may preclude the correct folding or modification of 
some proteins. All phage-encoded proteins are fusion proteins, 
which may limit the activity or accessibility for binding of some 
proteins. Since binding is detected in vitro, the same consid- 
erations of an in vitro approach that are relevant for protein 
probing of expression libraries are relevant here. 

Related methods, (i) Antibody phage. While we do not spe- 
cifically address the vast topic of antigen-antibody interactions 
in this review, it is worth noting that phage display can be 
applied to these interactions. The principle of displaying anti- 
body-combining domains on the surface of phage was first 
demonstrated by MGCafferty et aL (141). The heavy- and light- 
chain variable domains of an anti-rysozyme antibody were 
linked on the same polypeptide and expressed as a gene III 
protein fusion. Over 1,000-fold enrichment of the antibody 
could be obtained by a single passage over a rysozyme-Sepha- 
rose column. This method was then extended by this and other 
groups to allow the display of libraries of combining domains, 
such that new antibodies or mutant versions of existing anti- 
bodies could be generated. ^ ■y-ut.-ci sjis&'r 

Kang et al. (110) used a vector to express a combinatorial 
library of functional Fab molecules (~ 50-kDa heterodimer) on 
the surface of a phage. The Fd chain, consisting of the variable 
. region and constant domain 1 of the immunoglobulin . heavy 
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was synthesized as a gene VIII protein fusion, while the 
Sight- chain contained no phage sequence. The two chains 
|§o^uld assemble in the bacterial periplasm and become incor- 
JpSated into the phage on coinfection with helper. Phage con- 
stained 1 to 24 antigen-binding sites per particle. The vector 
Iptem described allows recombination of the two chains to 
^Tnerate large combinatorial libraries. A similar strategy to 
^express Fabs by using the gene DI protein has also been de- 
scribed (10). Additionally, a combinatorial library of linked 
iheavy- and light-chain variable genes fused to the gene III 
^protein has been shown to be capable of detecting a high- 
affinity binder (37). Kang et al. (110) suggested that such sys- 
tems can be used for mutation and selection cycles to generate 
high-affinity antibodies. Moreover, they envisioned that the 
systems can be extended to analyze any protein recognition 
system, such as ligand-receptor interactions. 
^; Phage display of Fab fragments was extended by Burton et 
al. (26), who generated a library of such fragments from the 
RNA of a human immunodeficiency virus-positive individual. 
After four rounds of panning with immobilized surface glyco- 
protein gpl20 of the virus as the adsorbent, specific viral an- 
tibodies were obtained. A similar method was used to obtain 
human antibody Fabs that recognize the hepatitis B surface 
antigen (246). 

(ii) Peptides on plasmids. In a method highly analogous to 
^ phage display, random peptides are fused to the C terminus of 
the E. coli Lac repressor and expressed from a plasmid that 
also contains Lac repressor-binding sites (43). Thus, the pep- 
tide fusions bind to the same plasmid that encodes them. The 
bacterial cells are lysed, and the peptide libraries are screened 
for peptides that bind to an immobilized receptor by using 
similar panning cycles to those for phage libraries. In this case, 
peptides become enriched because bound peptides carry their 
encoding plasmids with them, via the repressor-operator inter- 
action, and these plasmids can be transformed back into E. 
coli. In the initial example, peptides that bind to a monoclonal 
antibody specific for dynorphin B were selected, and these 
peptides contained a hexapeptide sequence similar to a seg- 
ment of dynorphin B (43). This method is distinguished from 
the phage display methods in that the peptides are exposed at 
the C terminus of the fusion protein and the fusions are cyto- 
plasmic rather than exported to the periplasm. 

Two-Hybrid System 

The two-hybrid system (35, 65, 66) is a genetic method that 
^ uses transcriptional activity as a measure of protein-protein 
: interaction. It relies on the modular nature of many site-spe- 
cific transcriptional activators, which consist of a DNA-binding 
domain and a transcriptional activation domain (23, 97, 112). 
The DNA-binding domain serves to target the activator to the 
specific genes that will be expressed, and the activation domain 
: contacts other proteins of the transcriptional machinery to 
^enable transcription to occur. The two-hybrid system is based 
on the observation that the two domains of the activator need 
; not be covalently linked and can be brought together by the 
^interaction of any two proteins. The application of this system 
<fTrequires that two hybrids be constructed: a DNA-binding do- 
^main fused to some protein, X, and a transcription activation 
| domain fused to some protein, Y. These two hybrids are ex- 
) ^pressed in a cell containing one or more reporter genes. If the 

I X and Y proteins interact, they create a functional activator by 
jf bringing the activation domain into close proximity with the 

X DNA-binding domain; this can be detected by expression of 
; the reporter genes (Fig. 6). While the assay has been generally 

^ performed in yeast cells, it works similarly in mammalian cells 
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FIG. 6. The two-hybrid system. (A) The DNA-binding domain hybrid does 
not activate transcription if protein X does not contain an activation domain. (B) 
The activation domain hybrid does not activate transcription because it does not 
localize to the DNA-binding site. (C) Interaction between X and Y brings the 
activation domain into close proximity to the DNA-binding site and results in 
transcription. 



(see, e.g., reference 46) and should be applicable to any other 
eukaryotic cells. 

This method has been used with a wide variety of proteins, 
including some that normally reside in the nucleus, cytoplasm, 
or mitochondria, are peripherally associated with membranes, 
or are extracellular (see reference 66 for a review). It can be 
used to detect interactions between candidate proteins whose 
genes are available by constructing the appropriate hybrids and 
testing for reporter gene activity (220, 249). If an interaction is 
detected, deletions can be made in the DNA encoding one of 
the interacting proteins to identify a minimal domain for in- 
teraction (35). In addition, point mutations can be assayed to 
identify specific amino acid residues critical for the interaction 
(127). Most significantly, the two-hybrid system can be used to 
screen libraries of activation domain hybrids to identify pro- 
teins that bind to a protein of interest. These screens result in 
the immediate availability of the cloned gene for any new 
protein identified. In addition, since multiple clones that en- 
code overlapping regions of protein are often identified, the 
minimal domain for interaction may be readily apparent from 
the initial screen (105, 223). 

A variety of versions of the two-hybrid system exist, com- 
monly involving DNA-binding domains that derive from the 
yeast Gal4 protein (35, 55) or the E. coli LexA protein (223, 
247). Transcriptional activation domains are commonly de- 
rived from the Gal4 protein (35, 55) or the herpes simplex virus 
VP16 protein (45). Reporter genes include the E. coli lacZ 
gene (65) and selectable yeast genes such as HIS3 (55) and 
LEU2 (247). An increasing number of activation domain li- 
braries are becoming available, such that screens are now fea- 
sible for proteins from many different organisms or specific 
mammalian tissues. 

One field in which the two-hybrid system has been applied 
with considerable success has been the study of oncogenes and 
tumor suppressors and the related area of cell cycle control. 
For example, reconstruction experiments with previously 
cloned proteins indicated that interactions occur between Ras 
and the protein kinase Raf (220, 249), human Sosl guanine 
nucleotide exchanger and the growth factor receptor-associ- 
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ated protein Grb2 (30), and Raf and the transcription factor 
inhibitor IkB (129). Two-hybrid searches with oncoproteins or 
tumor suppressors as targets have identified a leucine zipper 
protein that binds to Jun (34); protein phosphatase PPlct2, 
which binds to Rb (55); a bHLH-zip protein Mxil, which binds 
to the Myc-associated protein Max (247); and the Rb-related 
protein pl30, which binds to cyclins and was identified through 
its interaction with the cyclin-dependent kinase Cdk2 (83). A 
notable convergence of different approaches came about with 
the identification of another protein that binds to Cdk2, a 
21-kDa protein termed Cipl, which inhibits the kinase activity 
(85). This protein turned out to be identical to a protein en- 
coded by the major p53-inducible transcript (58), suggesting 
that the tumor suppressor role of p53 may be mediated by its 
activation of the gene for this 21-kDa protein. 

The two-hybrid system has several features that make it 
useful for analysis of protein-protein interactions. It is highly 
sensitive, detecting interactions that are not detected by other 
methods (see ? e.g., references 127 and 220). On the basis of 
binding of different proteins to the retinoblastoma protein, 
Durfee et al. (56) estimate that the minimal binding constant 
required to detect an interaction in their version of the two- 
hybrid system is on the order of 1 u.M. This value suggests that 
the system should be applicable to a wide range of protein 
interactions. However, it is clear that the minimal affinity in- 
teraction detectable will depend on such variables as the level 
of expression of the hybrid proteins; the number, sequence, 
and arrangement of the DNA-binding sites in the reporter 
gene(s); and the amount of reporter protein required for a 
detectable phenotype. Given these variables, it is likely that 
some versions of the system may detect weak interactions with 
binding constants considerably greater than 1 u,M. Another 
advantage is that the interactions are detected within the na- 
tive environment of the cell and hence that no biochemical 
purification is required. The use of genetic-based organisms 
like yeast cells as the hosts for studying interactions allows both 
a direct selection for interacting proteins and the screening of 
a large number of variants to detect those that might interact 
either more or less strongly. With a reporter gene such as the 
yeast HIS3 gene, the competitive inhibitor 3-aminotriazole can 
be used to directly select for constructs which yield increased 
affinity. 

The two-hybrid system is limited to proteins that can be 
localized to the nucleus, which may prevent its use with- certain 
extracellular proteins. Proteins must be able to fold and exist 
stably in yeast cells and to retain activity as fusion proteins. The 
use of protein fusions also means that the site of interaction 
may be occluded by one of the transcription factor domains. 
Interactions dependent on a posttranslational modification 
that does not occur in yeast cells will not be detected. Many 
proteins, including those not normally involved in transcrip- 
tion, will activate transcription when fused to a DNA-binding 
domain (134), and this activation prevents a library screen 
from being performed. However, it is often possible to delete 
a small region of a protein that activates firanscription and 
hence to remove the activation function while retaining other 
properties of the protein. 

Other Library-Based Methods \ yi 

A number of other library strategies have been developed 
recently that, in principle, should result in the identification of 
proteins that interact with a protein of interest. However, be- 
cause the first description of methods generally involves known 
combinations of proteins, the general applicability of a new 
method cannot be easily judged.*? r^^^c^^ ^-^^jki^ 



In one approach, the ability of the £. coli bacteriophage \ - : 
repressor to dimerize was used as a reporter for the interaction ? : 
of leucine zipper domains (98). The N-terminal domain of - - i 
repressor binds to DNA but dimerizes inefficiently; a separate^ 
C-terminal domain that mediates dimerization is required for ! 
efficient binding of the protein to its operator. The N-terminal. I 
DNA-binding domain was fused to the leucine zipper of the v : 
yeast Gcn4 protein, which allowed dimerization and repression " - 
of transcription in E. coli. This repression enabled the host ceil 
to survive superinfection by \ phage. This phenomenon en- 
abled Hu et al. (98) to introduce single-amino-acid mutations 
into the leucine zipper domain and to use a genetic assay in E. 
coli to determine whether dimerization of the zipper domain 
occurred. They suggested that this assay could be used to select 
clones from a library for proteins that bind to a target protein, 
which is expressed in E. coli as a repressor hybrid. Any phage -! 
that express a protein that binds to the target protein should 
compete for dimerization of the repressor and its ability to 
bind \ operators. These phage would be detected because they 
result in plaques. As described, this approach would be limited 
to target proteins that homodimerize. In addition, this method 
when applied to library screening is a competition assay; it 
would require that the library-encoded protein bind to the 
target protein in preference to the target protein interacting 
with itself. 

Another E. coli-based assay involves tagging the target pro- 
tein with biotin by fusing it to the biotin carboxylase carrier 
protein (74). This tag allows the protein to be bound by avidin, 
streptavidin, or anti-biotin antibody-coated filters. Potential 
interacting proteins are fused to the LacZ protein and ex- 
pressed from a A. vector such that p-galactosidase activity is 
intact. These phage are infected into cells containing the bi- 
otin- tagged target protein, and interaction can occur in vivo 
between a library-encoded protein and the target protein. This 
interaction is then detected when the phage plaques are trans- 
ferred to avidin niters and assayed for p-galactosidase activity. 
The method was shown to work by using biotinylated c-Jun 
protein and a c-Fos-LacZ fusion. Although the protein-pro- 
tein interaction occurs within the living bacterial cells, the 
detection of this interaction occurs in vitro on filters that must 
be washed after transfer of the proteins. Thus, in principle, this 
method may have many of the same limitations that protein 
probing of expression libraries has. 

GENETIC METHODS 

For organisms for which powerful genetic analysis methods 
exist, sophisticated strategies can be designed to uncover genes 
that show interactions with other genes. In many cases, these 
newly uncovered genes encode proteins that physically interact 
with proteins encoded by the known genes. In other cases, 
genetic methods can be used to confirm interactions among 
previously identified proteins. These strategies are generally 
based on classical genetic approaches. For example, identifi- y * 
cation of extragenic suppressors often reveals mutations in - 
genes whose products physically interact with the protein con- ; 
taming the original defect. Synthetic lethal screens yield mu- 
tations that, in combination with another nonlethal mutation, :^ 
result in the inability of the organism to grow; this phenotype "3 
is commonly due to alterations in interacting proteins v .Over- 
production of certain proteins can lead to the suppression of ^ 
mutations in interacting proteins. In other cases, overproduce II 
tion disrupts a cellular process by altering the balance of the 0 
different components of a complex structure, or th ovefpro- "1 ; i 
duced protein is nonfunctional and acts in a dominant-negative | 
-mannerjiarr^aism^^ 
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^ FIG. 7. Extragenic suppression due to restoration of a protein-protein inter- 
laction. 



I^r The value of some of these genetic approaches has been 
; significantly increased by applying them to organisms not ame- 
{ nable to classical genetic techniques, using modern molecular 

tools. For example, the ability to generate mice either carrying 
? novel genetic information or deleted for one or more of their 

endogenous genes allows this organism to be analyzed by some 

of the logic formerly reserved for much simpler creatures. 
> However, it must be kept in mind with any genetic approach 
v that identification of mutants with the correct phenotypes does 

not guarantee that the biochemical mechanisms invoked to 

explain these phenotypes are correct. 

Extragenic Suppressors 

Suppressor mutations are mutations that partially or fully 
revert the phenotype caused by an original mutation (see ref- 
erence 86 for review). Extragenic suppressors occur in genes 
other than the gene carrying the primary mutation. This is 
illustrated in Fig. 7, in which a mutation of protein Y to Y* 
compensates for the defect X* to restore activity to the XY 
dimer. However, analysis of these suppressors is often difficult, 
because they lack any phenotype in the absence of the primary 
mutation. To circumvent this problem, Jarvik and Botstein 
(107) sought suppressors of temperature-sensitive mutants of 
phage P22 that resulted in a cold-sensitive phenotype. This 
cold-sensitive phenotype did not necessarily depend upon the 
presence of the original mutation causing temperature sensi- 
tivity, and thus mutations in new genes could be uncovered. It 
; was proposed (107) that one mechanism of this suppression is 
that the original mutation and the suppressor lie in genes 
whose products physically interact and that the original muta- 
tion destroyed this interaction. The suppressor then produces 
; a compensating alteration that restores, the interaction. 
" This type of suppressor analysis has been exploited in study- 
A ing fundamental processes in yeast cells, particularly cell cycle 
v control, cytoskeleton structure, and RNA splicing. Moir et ai. 
? (152) isolated cold-sensitive cell division cycle (cdc) mutants of 
Saccharomyces cerevisiae and used them to identify tempera- 
; ture-sensitive revertants. Some of these revertants carried new 
i mutations that alone resulted in a cdc phenotype at the restric- 
, tive temperature, suggesting that the mutated gene products 
if might interact with the cold-sensitive protein. These results 
support the idea that only a few genes might be capable of 
mutation to generate an altered product that can suppress the 
^ .original mutation. Thus, this approach can be applied to a 
, process such as cell cycle control and reveal most or all of the 
k interacting gene products. 

3 In a similar strategy, suppressors of a temperature-sensitive 
j-ffutation *° tne cerevisiae actin gene that acquired a cold- 
^isensitrve phenotype identified five new genes (160). Mutations 
; |in these genes, even in a background with the wild-type actin 
gene, led to phenotypes similar to those of actin mutants. 
'}. These results suggested that these genes could encode proteins 
I J?* at are part of the actin cytoskeleton. In a related approach, 




dominant suppressors of an actin mutation also identified a 
gene whose product may interact with actin (3). In both these 
cases, the suppressor mutations showed allele specificity; some 
. but not all actin alleles were suppressed by a given mutation. 
This allele specificity also supported the idea of a direct phys- 
ical interaction, in that suppressor mutations that simply by- 
pass the requirement for the protein containing the original 
mutation would not be expected to show such specificity. 

The nematode Caenorhabditis elegans has also been used 
extensively for suppression analysis because large populations 
of individuals can be examined (96). If a temperature-sensitive 
mutant is available, it can be shifted to the restrictive temper- 
ature to apply a direct selection for suppressors. This approach 
has been used to study such processes as movement, egg laying, 
and sex determination. One example is the suppression of an 
unc-22 mutation that resulted in muscle twitching (151). Some 
of these suppressors were mutations in the unc-54 gene which 
encodes the major myosin gene. These results suggested that 
the unc-22 and unc-54 proteins physically interact, and this 
idea is supported by the finding that the unc-22 protein, like 
myosin, is located in the A-bands of muscle (150). 

Suppressor analysis can clearly uncover new mutations that 
affect a process under study, and analysis of the genes and 
proteins defined by these mutations sometimes indicates inter- 
acting proteins. While often used with temperature-sensitive 
and cold-sensitive mutations, many other types of spontaneous 
mutations can also be readily suppressed if an appropriate 
genetic selection is available. With the availability of numerous 
cloned genes, conditional alleles can now be generated by in 
vitro mutagenesis methods. An obvious limitation of this type 
of analysis is that it can generally be applied only to simple 
organisms such as phages, bacteria, yeasts, nematodes, and 
Drosophila species. It requires not only the gene of interest but 
also a useful mutant to initiate the analysis. For example, 
suppressors in an interacting protein may be difficult or impos- 
sible to obtain if the original mutation does not affect a domain 
of interaction. Furthermore, other mechanisms can yield sup- 
pressors. These include second intragenic mutations, gene du- 
plication of the original mutant gene, suppression by epistasis, 
and informational suppression (see, for example, reference 
96). Thus, identification of the suppressors of interest against a 
background of these other mutations can be a time-consuming 
process. 

Synthetic Lethal Effects 

Mutations in two genes can cause death (or another observ- 
able defect) while mutation in either alone does not. This 
phenomenon is called a synthetic effect and can result from 
physical interactions between two proteins required for the 
same essential function. This is illustrated in Fig. 8, in which 
the dimer XY is required for some function and loss of this 
function results in a detectable phenotype. Mutation in X or Y 
yields partial binding, but the double mutant X*Y* has no 
binding. Dobzhansky (52) first described synthetic lethal effects 
in Drosophila species. However, the search for synthetic lethal 
effects has been applied successfully most often in 5. cerevisiae. 
One of the tools available for research in this organism is a 
colony-sectoring assay (93, 119), in which cells containing a 
plasmid are red and can therefore be easily distinguished from 
those that have lost the plasmid and are white. If maintenance 
of the plasmid is not essential for viability of the yeast, colonies 
appear with red-and-white sectoring. If the cells become de- 
pendent on a gene carried by the plasmid, the colonies appear 
uniformly red. For example, Bender and Pringle (15) used such 
an assay with a plasmid-borne copy of the MSB! gene, which 
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FIG. 8. Synthetic effect, in which either single mutant is functional but not the double mutant 



plays a role in bud formation. They mutagenized the plasmid- 
containing cells and screened for mutants in which MSB1 had 
become essential for survival. This screen identified two new 
genes, BEM1 and BEM2, in which mutations led to defects in 
cell polarity and bud emergence. In this approach, if the plas- 
mid is maintained at high copy number in S. cerevisiae, it is also 
possible to identify mutations in new genes that are lethal but 
can be suppressed by multiple copies of the plasmid-borne 
gene; 

A similar approach was taken by Costigan et al. (40) to 
identify mutants that require the Spa2 protein, which is also 
involved in polarized cell growth as well as in the morphoge- 
netic changes that occur in yeast mating. The synthetic lethal 
screen identified the SLK1 gene, which is necessary for mor- 
phogenesis in vegetatively growing yeast cells and in mating 
pheromone-treated cells. Costigan et al. pointed out that the 
synthetic lethal screen by the colony color assay is extremely 
sensitive and can identify mutants with low viability. Since both 
spa2 and slkl mutants are individually healthy, the screen did 
not simply combine two mutations each causing unhealthiness 
to result in death, a common concern in using this method. 
Instead, it seems likely that the synthetic lethal effect often 
results from two different defects in the same cellular process. 

Other synthetic lethal screens in yeast cells involve a poison 
assay in which the presence of a plasmid-borne gene on a 
particular medium is lethal; when yeast cells containing this 
plasmid are placed on such a medium, there is strong selection 
for cells that have lost the plasmid. However, mutants that 
cannot survive without the plasmid can be identified, because 
the plasmid also contains the gene of interest whose presence 
is required in these mutants. Such mutants do not grow on 
replica plates containing the poison. This approach was used to 
identify mutations in the 3-hydroxy-3-methylglutaryl coenzyme 
A reductase genes (12). Alternatively, the gene of interest can 
be expressed by using a regulated promoter, such that mutants 
that do not survive the repressed condition are identified. In- 
ducible expression of the yeast RAS2 gene led to the identifi- 
cation of mutations in the CYR1 gene, which encodes adeny- 
late cyclase (149). Finally, synthetic lethal effects can be 
uncovered by combining mutations identified in other genetic 
screens. For example, yeast cells containing a temperature- 
sensitive mutation in the SEC4 gene, essential for secretion, 
are inviable at the permissive temperature , when they also 
contain a temperature-sensitive mutation in certain other SEC 
genes (190). Yeast cells with mutations in both ct-tubulin and 
0-tubulin are inviable (101). 

While synthetic lethal screens often lead to the identification 
of interacting gene products, other explanations do not require 
this physical interaction (101). For example, the two proteins 
might both be components of the same structure, or one pro- 
tein could regulate the activity of the other. Additionally, there 
are likely to be some cases in which the combination of two 
mutations, either of which causes poor growth on its own, leads 
to complete inviabiHty.-^,^^ 



Overproduction Phenotypes 

Overproduction of wild-type proteins. The overproduction i 
of some wild-type proteins can lead to phenotypes that provide j 
insight into protein-protein interactions. In S. cerevisiae, a mul- 
ticopy plasmid often suppresses mutations in genes other than 
the one carried on the plasmid (reviewed in reference 182). 
For example, a temperature-sensitive mutation in the CDC28 
gene, which encodes a protein kinase involved in controlling 
cell division, can be suppressed by multicopy plasmids carrying 
the CLN1 or CLN2 gene, which encode cyclins (82). 

In other cases, overproduction of a protein can cause a 
phenotype that is altered by overproduction of an interacting 
protein. High-copy-number plasmids expressing either of the 
yeast histone pairs H2A and H2B or H3 and H4 caused an 
increased frequency of chromosome loss (142). However, over- 
production of both pairs of histone proteins did not affect the 
fidelity of chromosome transmission, indicating that it is the 
imbalance of the two dimer sets with respect to one another 
that affects this fidelity (142). Overproduction of the yeast Gal4 
protein, the transcriptional activator of the galactose-inducible 
genes, leads to galactose-independent transcription. However, 
proper regulation is restored if the Gal80 protein, a negative 
regulator that binds to the Gal4 protein, is also overproduced 
(159). While the phenotype due to an overproduced wild-type 
protein may reflect interactions with another protein (either 
mutant or wild type), there are several other mechanisms by 
which such phenotypes can occur. For example, an overpro^ 
duced protein may bypass the transcriptional regulation due to 
another protein. In other cases, an overproduced protein may 
lead indirectly to the stabilization of a mutant protein. 

Overproduction of mutant proteins. Overproduction of a \ 
nonfunctional version of a protein can result in a mutant phe- 
notype due to disruption of the activity of the wild-type protein 
(Fig. 9) (reviewed in reference 90). The existence of such 
dominant-negative proteins can lead to a definition of the 
oligomerization domain of a protein. An early example of this 
came from studies of the E. coli Lac repressor, which has 
distinct domains for DNA binding and for oligomerization. A 
mixed oligomer of wild-type subunits and mutant subunits un- 
able to bind DNA results in a nonfunctional repressor (143). 
This kind of mutant provides evidence for the multimeric na- g 
ture of the repressor, and analysis of the sites of mutation - 
defined the domains involved in DNA binding and in oligomer- : 
ization. _ ; v-r 

A similar mechanism may operate in many human cancers:: \:| 
The wild-type p53 protein is a transcTiptional regulator which % 
is tetrameric, and its oligomerization domain is near the C ;| 
terminus. Mutations in the central domain of p53 that occur, in v| 
tumors produce dominant-negative mutant proteins that bind 
to and mactivate the function of the wild-type protein (67)^|§ 
The ability to manipulate cloned genes and reintroduce these 5| 
mutant versions into cells now allows dominant-negative mu- : J 
tants.tq be created in many different organisms.. For example;;., " 
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! dominant-negative Myc proteins were overexpressed in fibro- 
I blasts and shown to inhibit transformation by the y-abl and 
- BCR-ABL oncogenes (194). It was suggested that this effect 
% was due to the mutant Myc proteins competing with the en- 
; dogenous wild-type Myc protein for binding to the Max pro- 
r tein, thus forming nonfunctional heterodimers. 

Unlinked Noncomplementation 

. Individuals heterozygous for two different recessive muta- 
tions sometimes display a mutant phenotype. This unlinked 
noncomplementation is often interpreted as being due to mu- 
tation in two genes that encode interacting products. In Dro- 
sophila spp., new recessive mutations were identified that 
failed to complement ^-tubulin mutations and that mapped to 

: other genes (176). At least one of these mutations mapped very 
close to an a-tubulin gene. A model for this noncomplemen- 
tation is based on a minimal dosage requirement for the prod- 
uct of two interacting proteins. If the mutant proteins assemble 
randomly with the wild type, the double heterozygote would 
contain only one-fourth the normal level of complex, which 

/ would be insufficient for function. In addition, when homozy- 
gous, some of the second-site noncomplementing mutations 
lead to defects in tubulin function, and this property is consis- 
tent with the model. 

i POPULAR METHODS TO ESTIMATE AND DETERMINE 
p BINDING CONSTANTS 

v ^ Importance of Characterization of the Binding Interaction 

The ultimate goal of studying protein-protein interactions is 
J to understand the consequences of the interaction for cell 
| function. This depends in turn on understanding the strength 

|fof the interaction in the celL The determination that two pro- 
£ teins can interact with one another is only the first step in 
v understanding if, and to what extent, the interaction takes 
^ place in vivo. Evaluation of the interaction requires the assess- 
^ ment of at least six parameters, which are discussed below. 
Binding constant For any simple interaction of one protein 
(P) with another (L, for ligand), the interaction is governed by 

||the binding constant K d9 according to the simple equation K d = 
^JMP-rMM-]- In this equation, [PJ and [LJ refer to the free 
#(i.e M unbound) concentrations of P and L respectively. The 
^interaction between protein and ligand is also expressed in two 
gather ways. First, it is often expressed instead as an affinity 
|||nstant, K a = [PL]/[Pt|[Lf], i.e., K a = 1/K d . Second, it is often 
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expressed as a ratio of two rate constants. The rate of forma- 
tion of PL is k a [PJfLJ, where k Q is the association rate con- 
stant; and the rate of breakdown of PL is k d [PL], where k d is 
the dissociation rate constant. At equilibrium, the rate of for- 
mation of PL equals the rate of breakdown of PL, and K d = 
kjk'. Evaluation of the dissociation constant is the subject of 
this section. 

Concentrations of species. To evaluate the extent to which 
two proteins can interact, the cellular (or compartmental) con- 
centrations of P t \(the sum of bound and unbound concentra- 
tions) and L( are required, in addition to the dissociation con- 
stant. These two parameters can drastically alter an evaluation 
of the population of molecules in a complex. For example, if K d 
- [ p J = [LtL 38% of the species are in the complex PL at any 
one time. If K d is 10-fold higher (weaker binding), only 8.4% of 
the species are in the complex at one time, and if K d is 10-fold 
lower (stronger binding), 73% of the species are in a complex. 
A similar effect holds for alterations in the concentrations of P 
and L in the cell. A simple way of calculating [PL] from the 
easily measured parameters [PJ and [LJ is as follows: [PL] = 
{([PJ + [LJ + K d )ri} - 1/2 {([PJ + [LJ + K d f - 4 [LJ[PJ} 1/2 
(54). ..... 

Influence of competing proteins. Even if a protein has high 
affinity for a ligand protein, L, and the protein and ligand are 
present in sufficient quantities to interact functionally in the 
cell, they may not do so in vivo to the same extent as in vitro. 
Other ligands may effectively compete for the ligand protein if 
they are present at high enough concentration and interact 
with sufficient affinity. For example, if the concentration of P 
and LI are both equal to the dissociation constant, 38% of the 
species are in a complex. If another ligand, L2 (or a set of 
potential ligands), is present at 1,000 times the concentration 
of LI and has 10-fold-lower affinity for P, the interaction of P 
with L2 will titrate the vast majority of the protein P (99%, if 
L2 was the only interacting protein), leaving very little to in- 
teract with LI. This sort of consideration is addressed in part 
by protein affinity columns, coimmunoprecipitation experi- 
ments, and cross-linking, since all the proteins in the applied 
extract have equal opportunity to bind. It is not addressed in 
affinity blotting or library-based detection methods, in which 
gene products are tested individually. 

Influence of cofactors. Two types of cofactors can influence 
protein-protein interactions. First, small effector molecules 
and ions such as ATP, GTP, and Ca 2 * can influence many 
protein-protein interactions. Second, other macromolecules 
(DNA, RNA, and proteins) can affect protein-protein interac- 
tions by forming ternary (or larger) complexes. Such com- 
plexes can be very much more stable than the corresponding 
binary complexes. 

Effect of cellular compartmentation. A protein that is inter- 
acting with a ligand or a set of ligands is also influenced by its 
location in the cell. For example, some transcription factors are 
regulated in part by their partitioning between the cytoplasm 
and nucleus; they can interact with the transcription machinery 
only when they are in the nucleus. 

Solution conditions. Other factors that can affect the 
strength of protein-protein interactions include solution con- 
ditions (salt concentration, pH, etc.), as well as the effects of 
molecules such as polyethylene glycol, which causes macromo- 
lecular crowding and can significantly lower the observed bind- 
ing constant of proteins (see, for example, reference 108). 

Limits of Binding-Constant Considerations 

The lower limit for the concentration of a protein in an 
organism of the size of the yeast 5. cerevisiae is 0.1 nM (as- 
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TABLE 1. Dissociation constants for some well-defined protein-protein interactions 
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Complex" 



PDEctfrPDE-/ 



TaGTP7S:PDE7 

TaGDP:PDE7 

CAP cAMP:RNA polh 

T7 gene 2.5 protein:T7 DNA polymerase 

X repressor (dimer to tetramer) 

\ repressor (monomer:dimer) 

Citrate synthase: malate dehydrogenase 

C4 binding protein: human protein S 

p85 (PI3K): tyrosine-phosphorylated peptide from PDGF 

CheY:CheA 

CheA:CheW 

VAMP2:syntaxin A 

EGF:EGF receptor 

PKA-CPKA-R 

PRI:angiogenin 

ras:raf 

NusB:S10 

NusA: core RNA polymerase 
Trypsin :pancreatic trypsin inhibitor 





Method* 


Reference(s) 


1.3 x 10" 10 


A c*tivitv 




5 x 10 -11 


fl. an. 


Zj 


1 x 10" 11 


fl. an. 




<1 x 10~ M 


A fttvifv 




<1 x 10~ 10 


int. fl. 


1 f.A 


3 x 10~ 9 


int. fl. 


1 CA 
104 


3 x 10~ 5 


fl. an. 


01 


1 x 10" 6 


fl. an. 




l.i x 10~ 6 


fl. an. 


lie 
1 10 


2.3 x 10~ 6 


fl. an. 


o 


2 x 10" 8 




1 1 107 


1 X 10~ 6 


fl. an. 


714 


6 x 10" 10 


Solid phase ■ 


IJO 


5.2 x 10" 8 


SPR 




3 X 10" 8 


SPR 


197 


1.3 x 10~ 5 


ea frf 


79 


4.7 X 10" 6 


SPR 


27 


4.1 X KT 7 


SPR 


249 


2.3 X 10" 10 


SPR 


88 


7 X 10 -16 


Fluorescence, exch 


126 


5 x 10" 8 


GST ppt'n 


227 


1 x 10" 7 


. Sucrose gradient sed'n 


138 


1 x 10" 7 


Sucrose gradient sed'n 


80 




Fluorescence tag 


76 


6 x 10" 14 


Kinetics, comp'n 


221 



° Abbreviations: PDE, phosphodiesterase: TaGTC^S, a subunit of transducin complexed with GTP7S; TctGDP, a subunit of trBiisducin complexed with GDP; CAP 
cAMP, catabolite gene activator protein complexed with cAMP; RNA polh, RNA polymerase holoenzyme; PDGF, platelet-derived growth factor, VAMP2, vesicle- 
associated membrane protein 2; PKA-C, catalytic subunit of protein kinase A; PKA-R, regulatory subunit of protein kinase A. 

b Abbreviations: fl. an., fluorescence anisotropy; int. fl., intrinsic fluorescence; l.z. gf, large zone equilibrium gel filtration; eq. gf„ equilibrium gel filtration; SPR, 
surface plasmon resonance; exch, exchange; ppt'n. precipitation; sed'n, sedimentation; comp'n, competition. 



suming a radius of 15 u.m and one molecule per cell), and for 
an animal cell with a radius of 10 jxm, the lower limit is about 
0.3 pM. Thus, for two such proteins to interact a significant 
percentage of the time, the dissociation constant must be at the 
same concentration (in which case they will interact 38% of the 
time). At the other extreme, some glycolytic proteins represent 
1% or more of the soluble protein in the cell. Indeed, glycer- 
aldehyde-3-phosphate dehydrogenase is reported to approach 
20% of the soluble protein in 5. cerevisiae under certain con- 
ditions. This, upper limit corresponds to 1.7 x 10 7 protein 
molecules per cell and a cellular concentration of ljrnM, and it 
represents the upper limit for binding-constant considerations 
of two such proteins. In considering protein concentrations, it 
is worth noting that a typical yeast cell contains about 3 X 10 5 
ribosomes (226), 100 to 500 molecules of tRNA splicing en- 
zymes (169, 178), and 300,000 molecules of actin (157). 

Methods for Determining Binding Constants 

A number of methods have been described to measure bind- 
ing constants. Some of the more commonly used ones are 
described below, together with a brief evaluation of the 
method. The values of dissociation constants for several pro- 
tein-protein interactions are listed in Table 1. 

Binding to immobilized proteins. Protein affinity chroma- 
tography can be used to estimate the binding constant. This 
method is well described in an excellent review (69). The form 
of the binding equation that is used in this sort of experiment 
expresses the fraction of L bound to protein P as follows: 
[PLJ/tLJ = [PJ/([PJ + K d ). As long as the concentration of 
covalently bound protein [P J is in great excess over that of the 
ligand, [PJ « [P f ] and the fraction of protein L that is bound 
* [PJ/(*</ + [PJ). Thus, if [PJ = 100 K d9 essentially all of L is 



bound (a little more than 99%), and if [PJ = 0.01 K d , very little 
of L is bound (a little less than 1%). 

Columns are prepared with different concentrations of co- 
valently bound protein. Then a preparation of the interacting 
protein ligand is loaded on the column and washed with 10 col- 
umn volumes of buffer, and bound protein is eluted with SDS. At 
a concentration of 20 K dJ the covalently bound protein retains 
95% of the ligand in one column volume and therefore 0.95 10 or 
61% in 10 column volumes. Thus, the lowest concentration of 
bound protein that allows retention of most of the ligand is 20 K d . 

The percentage of bound ligand drops very quickly as the 
concentration of covalently bound P on the column is lowered, 
particularly as the concentration of P t approaches K d . At 5 K d 
16% of the ligand would be retained, at 2 K d 1.7% of the 
protein would be retained, and at 1 K d only 0.1% would be 
retained. It is for this reason that detection of interacting 
proteins by affinity chromatography depends critically on the 
concentration rather than the amount of bound protein (see 
the section on protein affinity chromatography, above). 

An important parameter in this experiment is the amount of 
protein that is active on the column- Estimates range from 10% 
for gene 32 protein to about 50% for others (69)J A second 
factor is the amount of pure protein available to be coupled. If 
protein is limiting, sufficiently high concentrations of bound 
protein on the gel are achieved only with appropriate micro-, 
columns. Such columns, with as little as 20 uJ of appropriate 1 
beads, are described in detail by Formosa et aj. (69). With the 
recent widespread use of gen fusion technology^ large quan- .- 
tities of protein are hot a serious problem with most, cloned ^ 
structural genes. A third factor, wWch is evident from the* 
discussion above, is the form of the protein that is used for the ? 
determination. Proteins that require modification to be active • 
i must be purified in that form for proper .e^uauon^7««;^^J 





|This method works well in estimating the binding constant, 
iowever, it is not clear that the values obtained represent a 
je equilibrium constant; if so, one would have to assume that 
bound ligand is always in equilibrium with the solution 
ligand during flow of the column and that interactions of solid- 
phase bound protein with liquid-phase ligand are the same as 
ateractions in the liquid state. Nonetheless, for interactions 
bat have been measured by more than one method, the results 
: well (see reference 69 and references therein). 
Sedimentation through gradients. The method of sedimen- 
Sation through gradients measures populations of complexes 
f by monitoring the rate of sedimentation of a mixture of pro- 
teins through gradients of glycerol or sucrose. Fractions are 
Tassayed by appropriate methods (activity, immunoblotting, 
f ete.) to determine the elution positions of each protein. Pro- 
|teins will sediment as a complex at concentrations above the 
| binding constant (provided that the complex is stable; see the 
^discussion below) and at their native positions at concentra- 
tions below the binding constant. By varying the concentration 
|of one or both of the proteins and taking into account the 
£dilution of the species during sedimentation, one can reason- 
ably, accurately bracket the binding constant. For example, the 
binding constant of E. coli NusB protein and ribosomal protein 
N S10 was estimated at 10" 7 M based on the observation that S10 
; protein sedimented faster (with NusB protein) when both were 
rat 6 x 10~ 7 M, slightly more slowly when both were at 3 x 
10~ 7 M, and much more slowly (midway between its sedimen- 
tation position alone and its fully complexed sedimentation 
position) when both were at 1.5 x 10" 7 M (138). There are two 
reasons that S10 sedimented at an intermediate position rather 
- £ than at its own position during the run at 1.5 x 10~ 7 M of each 
protein. First,, the proteins are usually about fivefold more 
dilute at the end of the sedimentation than when they are first 
loaded on the gradient; therefore, if S10 protein could bind at 
the beginning of the run (and sediment faster), it might not 
bind at the more dilute concentration at the end of the run. 
Thus, it would sediment at an intermediate position. Second, 
equilibrium binding is a dynamic process and molecules are 
constantly associating ..and dissociating. Therefore, an individ- 
ual S10 molecule which dissociated from NusB at the trailing 
edge of the peak would be in a region with very much less 
NusB to bind. It would sediment at its native rate from that 
point on. 

There are two problems associated with this technique. First, 

■ it is not an equilibrium determination, because of the changing 
"conditions during the run. Therefore, failure to detect an in- 

^ teraction may be due to rapid equilibrium rather than a lack of 
• interaction. As such, values obtained from this type of exper- 
-Iment represent an upper bound for the binding constant. 

■ Second, sedimentation through gradients does not resolve spe- 

■ ties that well. Sedimentation rates vary as M 273 for spherical 
y : molecules. Thus, dimerization of one spherical molecule with 
; one that is 1/10 the mass will increase its sedimentation rate by 
: onry 6%, which is very difficult to detect; in contrast, the 

change in mobility of the smaller molecule will be fivefold 
under such conditions. 

_.;; V; Although this method has limitations, it has been useful for 
estimating the upper limit of a binding interaction. 
^Gel filtration columns. Gel filtration is another simple way 
of estimating the binding constant. In gel filtration, the elution 
position of a protein or of a protein complex depends on its 
Stokes radius. This provides a very powerful and conceptually 
simple method for evaluating the strength of the interaction 
between two difFerent proteins. Such sizing columns have been 
used in three distinct ways to measure or to estimate the 
binding constant. 



(i) Nonequilibrium "small-zone" gel filtration columns. In 
the simplest approach, a solution containing a protein and a 
ligand protein is applied in a small volume to the column and 
the material is resolved in the usual way. This is called a 
"small-zphe" column. The elution positions of the protein and 
ligand in the mixture are compared with those of the protein 
and ligand when each is chromatographed individually on the 
same column. If a complex has formed between the protein 
and ligand, the complex will elute earlier than either protein 
alone. From measurements of the concentrations of species 
required to form a complex, one can estimate the binding 
constant. This type of experiment has been used, for example, 
to measure the binding of E. coli NusA protein to core RNA 
polymerase and has yielded values very similar to those deter- 
mined by fluorescence measurements (76). Similarly, Herberg 
and Taylor (89) quantitated the interaction of cAMP-depen- 
dent protein kinase with both the Rl subunit and PKI in the 
presence and absence of MgATP. 

This direct-application method is not an equilibrium 
method. Since the concentrations of species change during gel 
filtration (by diffusion and by dilution), the results are subject 
to the same sources of error as those of sedimentation through 
sucrose gradients (see references 2 and 250 for a discussion). 
Thus, the binding constants calculated in this way can be vastly 
underestimated, particularly if the complex is in rapid equilib- 
rium (see Fig. 3 of Gegner and Dahlquist [72]) for a vivid 
contrast between nonequilibrium and equilibrium gel filtra- 
tion). However, several modeling systems have been described 
(see reference 211 and references therein). 

(ii) Hummel -Dreyer method of equilibrium gel filtration. 
Gel filtration can also be used as an equilibrium method to 
establish the binding constant between a protein and its ligand 
protein. One such method is based on the classic paper by 
Hummel and Dreyer (102). In this gel filtration method, both 
the gel filtration buffer and the sample had ligand at the same 
concentration, but only the sample contained protein. Elution 
of a protein through such a column caused an increase in the 
concentration of ligand where the protein eluted, followed by 
a trough of ligand concentration representing ligand that had 
been removed in the binding. Evaluation of the binding con- 
stant of the protein -ligand complex was simply a matter of 
knowing the concentration of protein eluted, the free concen- 
tration of ligand (set by the column), and the concentration of 
ligand bound with protein (the concentration of ligand in sam- 
ples containing protein); 

This elegant method has been applied to the interaction of 
two proteins in only a few cases. As illustrated in Fig. 10, the 
gel filtration buffer contains protein ligand, and the applied 
sample contains gel filtration buffer (with the same concentra- 
tion of protein ligand) as well as the other protein. Gegner and 
Dahlquist (72) used a column equilibrated with CheW to dem- 
onstrate and quantitate the interaction of CheA with CheW. 
They varied the CheW concentration in the initial sample 
(while maintaining a constant concentration of CheA in the 
sample and CheW in the buffer) and quantitated the peak area 
at the CheW position. The CheW concentration in the sample 
at which there was no resulting CheW peak or trough repre- 
sented a sample at true equilibrium. From this, they could 
calculate a dissociation constant of the complex of 13 \xM. A 
similar series of experiments was done by Yong et al. (243) to 
demonstrate an interaction between glycerol-3-phosphate de- 
hydrogenase and lactate dehydrogenase over an extremely lim- 
ited range of NADH concentrations. Such a complex was ob- 
served only when the NADH concentration was high enough 
for an interaction and low enough to be shared by the two 
enzymes, and it provided evidence for substrate channeling. 
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FIG. 10. Equilibrium gel filtration. A solution containing both protein ligand (solid circles) and interacting protein (open circles) is applied to a gel filtration column 
which is equilibrated with solution containing the interacting protein and developed with running buffer containing the interacting protein. The elution pattern is shown 
in the first row of test tubes at the bottom. The second row of test tubes indicates the elution pattern that would be observed in the absence of interacting protein. 



This method is so simple and inexpensive that it is likely to 
become much more widely used than at present. Moreover, as 
an equilibrium experiment, it is without any flaw. The only 
requirements of this technique are that sufficient protein is 
available for the experiments and that the elution position of 
the complex differs from that of at least one of the interacting 
proteins. With the development of rapid techniques for large- 
scale protein purification through the use of fusion proteins, it 
should become relatively routine to obtain enough of any pro- 
tein to use as a column eluant. 

Another variation of Hummel-Dreyer columns is the parti- 
tioning method. In this technique, a protein and its ligand 
protein are mixed with a gel and allowed to equilibrate and the 
gel is centrifuged or filtered to separate the aqueous phase. 
From an analysis of the distribution of the protein and the 
ligand protein in the filtrate and in the gel when they are added 
separately or together, the K d can be calculated. An example of 
this technique is the demonstration of a complex between 
transaminase and glutamate dehydrogenase which occurs with 
a dissociation constant of 16 to 67 |jlM, depending on the 
presence of various metabolites (63); this is another example of 
metabolite channeling. This method is also not in wide use, 
although it seems simple and accurate. \ 

(iii) Large-zone equilibrium gel filtration. One final method 
of equilibrium gel filtration is the large-zone method (1, 2), in 
which a very large sample volume is applied to the column, 
followed by conventional buffer elution. Because a large vol- 
ume is applied, the concentration of the eluted protein is fixed 
and constant during the experiment, except at the leading and 
trailing edges. The elution position of the leading or trailing 
edge (which measures the size of the molecule) is then moni- 
tored as a function of the sample concentration applied to the 
column. From such experiments, calculation of the dissociation 
constant is thennodynamicalfy rigorous, as it is for the Hum- 



mel-Dreyer method. This large-zone method has been used to 
monitor self-association of proteins as well as interactions of 
dissimilar subunits (see, for example, references 75 and 122), 
but it has received only limited attention because of the large 
amounts of protein needed to do the experiments. 

A variation of this method, first described by Sauer (193), 
monitors the change in elution position of radiolabeled protein 
mixed with different concentrations of unlabeled protein in 
different runs. The use of labeled protein allows simpler and 
more accurate detenrunation of the elution position, thus al- 
lowing Sauer to determine a dimerization constant of 20 nM 
for repressor. Improvements in protein labeling have demon- 
strated that the lower limit of detection for this method is a K d 
of the order of 10~ 12 M (13). 

Sedimentation equilibrium. Although sedimentation equi- 
librium is a classical method of determining the molecular 
weight of a protein, it has not been widely used to study 
protein-protein interactions. However, recent progress makes 
this method much more accessible on a day-to-day basis (see 
reference 185 for a recent review). Sedimentation equilibrium 
can now be done in everyday preparative ultracentrifuges with 
swinging-bucket rotors, and samples can be readily collected 
because of the development of a highly reproducible BRAN- 
DEL microfraction collector (183). These developments allow 
the use of a variety of techniques to assay the protein content 
of each sample, including kinetic assays, radioactive tracers^ 
(183), and gel analysis of samples (47); the result is a huge 
increase in sensitivity over that obtained with the old model E 
centrifuge (184)... r ; v -V ! .r-:fv\ i r ; o £rVJ:.v^r/'\$ ■■•"c< 

Flu rescence methods. Since fluorescence is a highly sensi 
tive method for detecting proteins through their, tryptophan 
residues, it is potentially a useful way of evaluating protein? 
protein interactions. Two such methods have been used 
'are 'described' belaw?3^i?^'V^ 




(i)' Flu rescence spectrum. Changes in the fluorescence 
emission spectrum on complex formation can occur either by a 
in the wavelength of maximum fluorescence emission or 
ijj^a shift in fluorescence intensity caused by the mixing of two 
^proteins. Therefore, the fluorescence intensity at a particular 
Wavelength can be used to evaluate the dissociation constant. 
Ip&^good example of this technique is illustrated by the interac- 
tion" of the -y subunit of cGMP phosphodiesterase (PDE7) 
Isubunit with the transducin a subunit (Ta) in the presence of 
f&TP-yS or GDP (164). 

J^An equimolar solution of TaGTP-yS and PDE7 causes a 
;Sue shift in the fluorescence emission spectrum relative to the 
f sum of the individual fluorescence spectra, resulting in a dif- 
ference spectrum [F. (complex) - F (sum)] with a positive 
component at low wavelengths (320 nm) and a negative com- 
ponent at higher wavelengths (357 nm). Titration of PDE7 into 
I a solution of TaGTP^S therefore caused an enhanced increase 
in the fluorescence at 320 nm relative to that observed by 
titration of PDE-y into buffer alone (and a corresponding de- 
crease at 357 nm) until the TaGTP-yS was all complexed, after 
' which further addition PDE7 caused no changes in fluores- 
; cence intensity relative to that observed in buffer alone. When 
corrected for PDE7 fluorescence, both curves yielded the same 
binding curve, and the K d for the interaction was evaluated at 
<100 pM. The interaction of TctGDP with PDE7 results in a 
I •.. large increase (ca. 70%) in the intensity of the fluorescence 
emission spectrum relative to the sum of the individual spectra, 
and this was used to evaluate the K d at 2.75 nM. 

This technique has two limitations. First, the probability of 
detecting a change in the fluorescence spectrum decreases with 
the total number of tryptophan residues in the two proteins, 
since the fluorescence spectrum is the sum of trie contributions 
from all the tryptophan residues. Since PDE7 has only one 
tryptophan residue and Ta has two, this condition was easily 
met in studying the Ta-PDEv complex. Second, the sensitivity 
is limited by the intensity of the fluorescence change, which in 
turn depends on the inherent sensitivity of fluorescence (of the 
order of nanomolar) and the change that is observed (which is 
not easily predictable). Thus, the binding constant was too low 
to evaluate the TCXGTP7S-PDE7 interaction (<100 pM) but 
was high enough to evaluate the interaction in the presence of 
GDP (2.75 nM). 

Although these two limitations exclude the study of many 
interactions, a number of proteins have a small or limited 
number of tryptophan residues. For example, bovine Hsc70 
has only two tryptophans, and its interaction with small pep- 
: tides has been evaluated because of the resulting quenching of 
the fluorescence intensity (123). Similarly, the interaction of 
V angiogenin (one tryptophan) with human placental RNase in- 
hibitor (six tryptophan residues) causes a 50% increase in 
fluorescence (126), and the dissociation of mitochondrial cre- 
' atine kinase (four tryptophans per monomer) from octamers 
yto dimers results in a 25% decrease in fluorescence (81). 

A second way in which fluorescence is used to measure the 
> interaction of proteins is with a fluorescent tag. This allows for 
greater sensitivity of monitoring interactions, as long as the 
. ' fluorescent adducts do not adversely affect the function of the 
£ modified protein or its interaction with other proteins. An 
^ example of this approach is the interaction of spinach calm- 
odulin with smooth myosin light-chain kinase (146). Calmodu- 
lin from spinach has a single cysteine, which could be quanti- 
y^totrvely labeled with 2-(4-maleimidoanilino)-naphthalene-6- 
^sulfonic acid (MIANS). Calmodulin labeled with MIANS was 
.§as efficient as the wild type in activating calcineurin, in activat- 
| ing cGMP-dependent phosphodiesterase, and in binding ter- 
..M-biumv The fluorescence of MIANS-labeled calmodulin in- 
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creased 80% on binding calcineurin, more than fourfold when 
bound with myosin light-chain kinase, and twofold on binding 
caldesmon. In each case, the fluorescence change required the 
presence of calcium,' and titrations were done to measure the 
K d (<5, 9, and 250 nM, respectively). 

(ii) Fluorescence polarizati n or anisotropy with tagged 
molecules* Because of the long lifetimes of excited fluorescent 
molecules (nanoseconds), fluorescence can also be used to 
monitor the rotational motion of molecules, which occurs on 
this timescale. Thjis is accomplished experimentally by the use 
of plane-polarized light for excitation, followed by measure- 
ment of the emission at parallel and perpendicular planes. 
Since rotational correlation times depend on the size of the 
molecule (approximately 1 ns/2,400 Da for an idealized mole- 
cule), this method can be used to measure the affinity of two 
proteins for one another because of the increased rotational 
correlation time of the complex. Fluorescence anisotropy is 
done most often with a protein bearing a covalently added 
fluorescent group, which increases both the observed fluores- 
cence lifetime of the excited state and the intensity of the 
fluorescent signal. 

. A good example of this technique is described by Weiel and 
Hershey (229), who studied the interaction of protein synthesis 
initiation factor 3 (IF3) with 30S ribosomal subunits by using 
fluorescein-Iabeled IF3. The labeled protein routinely had 
about one dye molecule per monomer, and most of the IF3 
protein had one or two dye molecules attached. Fluorescein- 
Iabeled IF3 was biologically functional: it bound 30S ribosomal 
subunits, as measured by sucrose density gradients, at a satu- 
rable site(s) and had 80 to 100% of the activity of the native 
protein in stimulating binding of tRNA Met to 70S ribosomes in 
the presence of RNA. In the presence of 30S ribosomes, both 
the fluorescence emission spectrum and the fluorescence life- 
time of the fluorescein-Iabeled IF3 were unchanged. Thus, the 
observed increase in fluorescence polarization which was as- 
sociated with binding of 30S ribosomes was most consistent 
with the expected change in polarization as a result of binding 
a larger molecule. The Scatchard plot derived from the polar- 
ization data gave a stoichiometry of 1:1, and the dissociation 
constant from the polarization data was 3.2 x 10" 8 M. More- 
over, wild-type nonderivatized IF3 competed for the binding 
site with the same binding constant. Thus, the fluorescent 
probe had no effect on any measurable parameter and the 
measured K d is likely to be accurate. 

Similar experiments have been done with a variety of sys- 
tems to evaluate the strength of protein-protein interactions. 
Fluorescein-Iabeled IF2 was slightly less active than nonderi- 
vatized protein, and the binding to 30S ribosomes was twofold 
weaker than that of the corresponding unlabeled protein (230). 
T7 gene 2.5 protein labeled with near-molar amounts of fluo- 
rescein isothiocyanate caused both a decrease in fluorescence 
and an increase in anisotropy when bound with 17 DNA poly- 
merase. The fluorescein isothiocyanate-modified protein had 
no effect on activity, and the binding constant determined by 
anisotropy (1 u,M) was nearly the same as that determined by 
anisotropy measurements of EDANS-labeled gene 2.5 protein 
(1.3 u,M), for which the rotational correlation time indicated a 
1:1 complex (115). The interaction of (florescein-labeled) ci- 
trate synthase and malate dehydrogenase was shown to be well 
within the physiological range (K d — 1 u,M) and varied as much 
as 25-fold in the presence of different metabolites (214). The 
tetramer-dimer equilibrium of X repressor could be observed 
with dansylated X repressor, because of its long fluorescence 
lifetime and high anisotropic value (indicating rigid orienta- 
tion), but hot with fluorescein, which was attached in the highly 
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mobile N-terminal arm of the repressor molecule (and there- 
fore gave low values) (9). 

A variation of this technique has been developed for the 
interaction of a DNA-binding protein with another protein, in 
which the DNA is fluorescently labeled (91). In this way, £. coli 
CAP could be shown to interact with RNA polymerase 'nonen- 
zyme in the presence of cAMP and in the absence of a pro- 
moter site. The fluorescently labeled DNA oligonucleotide had 
a CAP-binding site but no RNA polymerase-binding site, and 
the resulting increase in polarization allowed the determina- 
tion of a CAP-RNA polymerase binding constant (2.8 x 10~ 7 
M). Since this interaction was not observed with a CAP mutant 
protein that was defective in transcription activation, it seems 
likely that the interaction is important physiologically. Other 
fluorescent polarization experiments suggest that the CAP- 
RNA polymerase interaction is much stronger in the presence 
of cAMP and requires a factor (170). 

Solution equilibrium measured with immobilized binding 
protein. A simple technique for measuring the dissociation 
constant of a solution of interacting proteins makes use of 
bound competitor protein to determine the amount of free 
protein in such a solution. This method was first described for 
antibody-antigen reactions (71) and later modified for general 
use to determine the interaction of C4b-bindins protein 
(C4BP) with human protein S (HPS) (158). A solution con- 
taining C4BP and HPS was incubated until equilibrium was 
reached. The amount of free C4BP in the solution was then 
determined by incubating an aliquot on a plate containing 
immobilized HPS under conditions (short incubation time) in 
which a limited amount of the free C4BP binds the immobi- 
lized HPS. This resulted in little perturbation of the equilib- 
rium during the assay for C4BP retained by the immobilized 
HPS, which was quantitated by an antibody-based method. 

This method requires satisfaction of three criteria. First, the 
two proteins (HPS in solution and HPS immobilized on the 
plate) cannot bind each other. If they did, C4BP could be 
captured through HPS-HPS interactions. Second, HPS in so- 
lution and HPS immobilized on the plate must compete for the 
same binding site. This is obviously true in this case, but it is 
not necessarily true if, for example, anti-C4BP is used in the 
immobilized system to detect the amount of free C4BP. Third, 
the method requires that only free C4BP be measured during 
the incubation with immobilized HPS. This in turn requires 
that binding to the immobilized HPS remove only a small 
portion of the total C4BP (<10% was removed in this exam- 
ple) so that equilibrium of the solution is perturbed as little as 
possible. This condition also requires that the off rate of the 
complex is low compared with the time of incubation with the 
immobilized HPS; otherwise, HPS-C4BP complexes could dis- 
sociate during the incubation with immobilized HPS and the 
dissociated C4BP would be measured as free C4BP. Thus, this 
method, although simple, provides only an upper bound of the 
dissociation constant. 

Surface plasmon resonance. The recent development of a 
machine to monitor protein-protein and ligarid-receptor inter- 
actions by using changes in surface plasmon resonance mea- 
sured in real time spells the beginning of a minor revolution in 
biology. This method measures complex formation by moni- 
toring changes in the resonance angle of light impinging on a 
gold surface as a result of changes in the refractive index of the 
surface up to 300 nm away. A ligand of interest (peptide or 
protein in this case) is immobilized on a dextran polymer, 1 and 
a solution .of interacting protein is flowed through a cell, one 
wall of which is composed of this polymer. Protein that inter- 
acts with the immobilized ligand is retained on th polymer 
surface, which alters the resonance angle of impinging light as 
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a result of the change in refractive index brought about by% 
increased amounts of protein near the polymer. Since all pro^f 
teins have the same refractive index and since there is a linear % 
correlation between resonance angle shift and protein concen- 
tration near the surface, this allows one to measure changes in : 
protein concentration at the surface due to protein-protein or i* 
protein-peptide binding. Furthermore, this can be done in real r 
time, allowing direct measurement of both the on rate and the - ?v 
off rate of complex formation. A good layman's review of 
surface plasmon resonance is found in articles by Malmqvist 
(136) and Jonsson et al. (109), and a clear derivation of the 
appropriate equations is found in the article by Karlsson et al 

(in). 

In practice, determination of a binding constant requires 
measurement of two parameters. First, the increase in RU 
, (resonance units) is measured as a function of time by passing 
a solution of interacting protein past the immobilized ligand 
until (usually) the RU values stabilize. Second, the decrease in 
RU is measured as a function of time with buffer lacking 
interacting protein. This produces a sensorgram for each con- 
centration of protein, a continuous recording of RU versus 
time. This procedure is then repeated at a number of protein 
concentrations, after regeneration of the dextran surface. 
From these two sets of data, two lines are constructed whose 
slopes correspond to k a (the on rate) and k d (the off rate); from 
these data, K d is calculated as kjk a . An alternative determi- 
nation of K d can be made by using the steady-state RU values 
at different protein concentrations. 

This system has several advantages. First, it requires very 
little material. Typically only 1 to 10 u,g of protein has to be 
immobilized on a sensor chip, which can be reused up to 50 
times after removal of adhering protein. Similarly, solutions of 
interacting protein are in the range of 0.01 to 1 ml, depending 
on the chosen flow rate (109). Second, the method is very fast. 
A typical run for a given protein takes about 10 min. Third, no 
modifications of the proteins are required, such as labeling or 
fluorescent tags. Fourth, interactions can be observed even in 
complex mixtures. Fifth, both the on rate and the off rate are 
readily obtained. Sixth, the system is useful over a wide range 
of protein concentrations. The practical lower limit of the 
original Biacore system is a change in resonance angle of 10~ 3 
degrees (10 RU), corresponding to surface concentrations of 
10 pg/min 2 ; moreover, the system is linear up to RU values of 
30,000 (109). Seventh, the system is quite sensitive; the prac- 
tical limit for association rates is 10 6 /M/s, and off rates as low 
as 1.1 X 10~ 5 /s have been measured by recording for 6 h with 
buffer (197). 

This technique has been used successfully to monitor pro- 
tein-peptide interactions. A good example is the determination 
of the binding interaction of different SH2 domains with two 
tyrosine-phosphorylated substrate peptides derived from plate- 
let-derived growth factor (166). The corresponding peptides- " 
were attached to the dextran polymer chip via avidin on the 
chip and biotin on the peptides. Subsequent real-time analysis f 
demonstrated that interaction of these peptides with the p85 " 
subunit of phosphatiaylmositol-3-kinase (PI3K) was character- % 
ized by a very high association rate (2 X 10 6 /M/s) and disso- i 
ciation rate (0.1/s) for the 12-mer peptide Y740P and that most. ^| 
of this binding was contributed by the C-terminal subunit of | 
p85. In this particular case, the dissociation rate of bound p85 I 
had to be detennined in. the presence of: a sink of excess ft 
competing peptide in the buffer; otherwise, rebinding of dis-x^ 
sociated p85 was a significant problem because of the very hi gh 
on rate. A similar study of p85 SH2 domain interactions with i 
different tyrosine-phosphorylated peptides (from IRS-1) led to '$ 
the same conclusions of a high on rat ~and off . rat ,.whichwasjj 



o measured in the presence of a sink of peptide (64). In this 
se, the on rate was too high to measure directly (as high as 
3* X lO^/M/s for the C-terminal SH2 domain of p85) and was 
^tead, inferred from steady-state binding and off rate mea- 
surements and confirmed by competition experiments with 
tree phosphorylated peptide (64). On rates in excess of lC^/M/s 
ran be limited by mass transport rates (fluid flow through the 
"11) rather than binding-reaction rates, although this can be 
artially compensated by either higher flow rates or a smaller 
[amount of peptide on the chip (111). Competition experiments 
Jwere usec ^ t0 snow 1031 ^ aflinity of p85 for phosphory- 
flated peptides was 300- to 800-fold greater than for the corre- 
S^sponding nonphosphorylated peptide and was as much as 100- 
f fold weaker with a glycine or arginine at the +1 position 
? relative, to the tyrosine compared with bulky hydrophobic 
fgroups or glutamate (64). 

f|g One final study demonstrated that a specific threonine res- 
idue in the SH2 domain of Src, when changed to a tryptophan, 
^increased the affinity of the domain for phosphorylated pep- 
I:udes which were substrates for GRB2 and that the correspond- 
j^ing tryptophan of GRB2, when altered to threonine, weakened 
r tie affinity of GRB2 for this peptide (137). In each of these 

three examples, the primary determinant of specificity was the 

■ on rate rather than the off rate. 

-g; Surface plasmon resonance has also been used with great 
•success to monitor protein-protein interactions. One such ex- 
fample is the demonstration of a quarternary complex of CheY 
with CheA, CheW, and Tar (197). CheY was bound to the 
dextran surface through a unique (and engineered) cysteine 
: residue, which did not affect chemotaxis activity and which was 
remote from the interaction domain (197). CheA binds this 
immobilized CheY protein with a low association rate (368/ 
M/s) and a very low off rate (1.14 x 10~ 5 /s). Moreover, CheA, 
CheW, and Tar probably form a quaternary complex with 
CheY; addition of all three proteins greatly increases the 
amount of protein bound to CheY relative to that obtained 
with CheA alone, although neither Tar nor CheW binds CheY 
individually or when present together. 

Other examples of protein-protein interactions studied by 
/surface plasmon resonance include the interaction of mono- 
clonal antibodies with human immunodeficiency virus type 1 
core protein p24 (111), EGF with the EGF receptor (249), the 
regulatory and catalytic domains of cAMP-dependent protein 
kinase (88), and VAMP2 and sytaxin 1A (27). 
ip:. Two minor problems are associated with surface plasmon 
resonance measurements. First, immobilization of the ligand 
. protein must be of such a nature that it does not impede or 
/artificially enhance interactions. This is the same problem that 
" is associated with protein affinity columns. Attachment of ! 
•k CheY was accomplished by using a single site remote from the 
interaction domain (197); this presents the interacting face to 
r. the solvient Phosphorylated peptides were attached by bioti- 
Knylation of the peptide at a single site (but variable position) 
^with a long spacer followed by noncovalent interaction with an 
^avidin-coupled sensor chip (166), and attachment of monoclo- 
nal antibodies to the chip was accomplished through noncova- 
/ lent binding to covalently coupled rabbit anti-mouse IGGFc 
^ (111). Primary amines are often linked directly to the dextran 
f polymer, leading to more homogeneous presentation of sur- 
c ;faces to the solvent but causing possible inhomogeneities in 
^interaction (88). Second, the sensor chip has to be regenerated 
"|t™def ^ conditions which do not denature the immobilized li- 
| gand protein. Protein adhering to the immobilized C subunit of 
"?prot in kinase A was removed with cAMP (88), proteins bind- 
j^fog\to irnmobilized phosphorylated peptides were removed 
i^p^ a pulse of dilute SDS (166), and CheY was regenerated 



with a pulse of guanidine hydrochloride (197). In some cases, 
the ligand is deliberately removed before the next experiment; 
thus, monoclonal antibodies sticking to IGGFc were removed 
with dilute HQ before readdition of the monoclonal antibod- 
ies to act as a ligand for p24 binding (111). 

Limits to Detection 

Detennination of the binding constant of tightly interacting 
species by standard methods described above depends on be- 
ing able to determine and quantitate the fraction of protein 
ligand bound at a given protein concentration that spans the 
dissociation constant. For a standard 50,000-kDa protein, the 
practical limit of silver staining is of the order of 0.2 ng or 20 
ul of a 10-ng/ml solution, which would be useful for a dissoci- 
ation constant of 1 nM or greater. For in vitro translated 
protein, the practical limit is 1,000 Ci/mmol times the number 
of amino acid residues, or 1,000 dpm of 35 S-labeled protein per 
frnol (singly labeled); this corresponds to 10~ 12 M or, with 10 
residues incorporated, 10~ 13 M; therefore, allowing for con- 
centrations below K d > the lower limit of detection is of the 
order of 10" 12 M. - 

Some protein-protein interactions are too tight (K d < 10" 12 
M) to measure by the methods described above. For example, 
human placental RNase inhibitor (PRI) interacts very tightly 
with both angiogenin (K d = 7 x 10" 16 M) (126, 126a) and 
human placental RNase (K d = 9x 10~ 16 M) (199). For the 
interaction of PRI with angiogenin, the association rate con- 
stant, k a , was measured by monitoring the change in intrinsic 
fluorescence by stopped-flow fluorescence techniques, and the 
dissociation rate constant, k d , was measured by measuring the 
release of PRI in the presence of scavenger RNase. to which it 
binds and inhibits the activity. 

A dissociation constant of the magnitude of 7 x 10" 16 M for 
the PRI-angiogenin interactions means that the dissociation 
rate is measured in weeks! In this case, the r 1/2 for dissociation 
of the complex was 60 days (corresponding to k d = 1.3 x 
10~ 7 /s). Furthermore, the overall on rate of 1.8 x 10 8 /M/s 
liters * mol/s is near the diffusion limit for molecules of the size 
of proteins. It is hard to imagine what selective pressure would 
require or maintain such a tight interaction. This is particularly 
true since human placental RNase and angiogenin both bind 
PRI equally tightly and are substantially different at the amino 
acid level. 

It is possible that a number of macroscopic protein-protein 
interactions operate at this level. Any protein composed of 
three or more subunits can have significant interactions among 
individual pairs of the component protein. If, for example, a 
subunit has a K d of 10~ 7 M with each of two other subunits, the 
effective K d of the dissociation of that subunit from the com- 
plex is 10~ 14 M (see reference 116 for a discussion of this 
point). Thus, complicated structures like the ribosome might 
effectively lock the proteins together in undissociable units. It 
is also possible that other; simpler interactions are this tight; 
the dissociation rate of the subunits of a number of proteins 
that purify as a complex tends never to be investigated. 

EXAMPLES OF WELL-CHARACTERIZED DOMAINS 

Given that a straightforward set of experiments is all that is 
required nowadays to identify two proteins that interact and to 
delineate the domains responsible for the binding, toward what 
ends does this analysis continue? To address this question, it is 
instructive to consider the case of some domains involved in 
protein-protein interaction that have been extensively charac- 
terized. Using a combination of numerous techniques, includ- 
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FIG. 11. Helical wheel representation of a leucine zipper. Adapted from 
reference 221a with permission of the publisher 



ing detailed structural approaches, investigators who have fo- 
cused on the analysis of leucine zippers, SH2 domains, and 
SH3 domains have made tremendous advances in the last few 
years. These studies have considerably extended our under-, 
standing of transcriptional regulation and signal transduction. 
In the next sections, we provide a brief view of how these three 
domains function. 

Leucine Zipper 

The leucine zipper is a protein-protein interaction motif in 
which there is a cyclical occurrence of leucine residues every 
seventh residue over short stretches of a protein in an a-helix. 
These leucine residues project into an adjacent leucine zipper 
repeat by interdigitating into the adjacent helix, forming a 
stable coiled-coil. This motif was first described by Landschulz 
et al. (124) in connection with a new structure within DNA- 
binding proteins that might be responsible for interactions with 
a similar motif to promote specific DNA binding by basic 
amino acid residues adjacent to the leucine zipper motif 
(hence the name bZIP). The leucine zipper model was origi- 
nally proposed on the basis of the leucine distribution and 
amino acid sequence of regions of C/EBP, Myc, Fos, Jun, and 
Gcn4. It is now known to be common to over 30 proteins (59). 
Subsequent experiments have confirmed the existence of this 
structure and have extended these observations. 

Structure. The X-ray structure of the Gcn4 leucine zipper 
region (consisting of 33 amino acids) demonstrates that the 
leucine zipper consists of two parallel coiled coils of ot-helices 
wrapped around each other and forming one-quarter of a turn 
of a left-handed supercoil (59, 161; also see reference 4). The 
dimer forms a smoothly bent cylinder about 45 A (4.5 nm) long 
and 30 A (3 nm) wide. On a helical-wheel representation of the 
a-helix (Fig. 11), the leucines occupy position d (and d' of the 
adjacent helix) and share the interior with the residues at 
position a (a 7 ), as well as parts of residues e and g (and e' and 
g'). The packing corresponds to the "knobs into holes" model 
proposed by Crick (42), in which each interior amino acid 
residue is packed into a gap formed by four nearest neighbors 
from the opposite helix. More than 95% of the surface area 
that is buried upon dimerization is from the side chains of 
these residues. 

Stability. The leucine zipper coiled coil is stabilized because 
of three factors: the hydrophobic groups that are buried 
(leucines at position d and hydrophobic or neutral residues at 
position a); constancy of size of the internally packing residues 
at each position; and several distinct ion pairs. Three such ion 
pairs appear to form, and each is between the e of one heptad 
and the g of. the other. The leucine residues are critical for 
function in Gcn4. Although each individual leucine, can itself 



be replaced by several different hydrophobic residues, random- i' \ 
ized substitution of the leucines with other hydrophobic resi- '% 
dues invariably causes the protein to lose function when more 
than one leucine is substituted; furthermore, isoleucine is by v j 
far the most easily tolerated substitution (98). : | 

The binding constant of leucine zipper moieties that interact I 
is estimated to be in the nanomolar range (163) and has been I 
measured at 5 x 10" 8 M for the Jun- Jun dimer at 4°C (196). H 
Even a peptide corresponding to the Fos leucine zipper, which 
does not dimerize in vitro, has been shown to dimerize in the 
micromolar range (163). ( 

The leucine zipper moieties that naturally interact do not ;'" 
necessarily have the maximal stability. For example, the Gcn4 
dimer has a buried asparagine residue which is present within 
the hydrophobic core (59, 161). This Asn residue packs loosely : 
in the crystal structure, and this position is particularly tolerant \ 
of other amino acids (98). Moreover, the asparagine residue 
(and resultant internal hydrogen bond) drastically destabilizes 
the Gcn4 zipper; its replacement with valine stabilizes the 
coiled coil about 1,000-fold (28). It has been speculated that 
the internal asparagine of Gcn4 (and, by extension, other bur- 
ied polar groups in the a position in other leucine zippers) is 
present, so that the proteins do not bind too tightly and there- 
fore can be subject to regulation, or that it keeps the coiled 
coils in register (4). 

Specificity. The specificity of leucine"zippers is the key to 
their regulatory properties. The oncoproteins Fos and Jun, for 
example, associate with each other to form a heterodimer in 
preference to the Jun-Jun homodimer. This preference has 
important consequences in that Fos- Jun heterodimers and 
Jun-Jun homodimers bend DNA in opposite orientations 
(114), which may explain the fact that Jun interaction with the 
glucocorticoid response element of the prolactin gene results 
in activation of the gene, whereas Fos- Jun interaction results in 
repression (51). 

Specificity of Fos- Jun and Jun-Jun dimerization is achieved 
primarily by the electrostatic interactions of residues at the e 
and g positions at the periphery of the hydrophobic core (162). 
Fos has Glu residues at the g position, and Fos-Fos dimers are 
much more stable (as measured by T m ) at pH values at which 
these Glu residues are neutralized. Conversely, Jun is slightly 
more basic at the e and g positions, and Jun-Jun dimers are 
more stable at higher pH. Fos^Jun dimers, which are the pref- 1 
erential form, are uniformly stable over a wide range of pH ; I 
values, because they are more neutral overall. A series of 
hybrid peptides in an otherwise Gcn4 peptide illustrate the i 
point (162). Specificity (or antispecificity) is achieved by the 8 
amino acids at the e and g positions of the peptide and not at 
other positions. j 

Regulation. Leucine zipper proteins are likely to be func- 
tionally regulated. Thus, tie carboxyl-terminal zipper of the 
human and Drosophila heat shock factors may suppress forma- 
tion of ammo-terminal zippers in a way that is sensitive to heat 
shock (175). Similarly, the calphotin protein binds calcium at > 
one end and has a distinctive leucine zipper at the other end 
(8). It may therefore be used to transmit signals by altering * 
binding properties. . ^ . • : 

' ■ - ■ ' - ■ - ' * * -/ -.- - : ')M 
SH2 Domain ' -a7[ 

The SH2 domain was first recognized as a noncatalytic do- v .^ 
main of Src that was homologous to the Fps protein (189) arid ?J 
is now recognized as a . common motif involved .in protem-J§ 
protein interactions (117, 168). More than 20 SH2-containing -| 
proteins have been identified. They share a motif of about 100 & 
amino acids that is involved in the recognition of proteins and M 



prides containing phosphoiylated tyrosines. This recognition 
^implicated in the mechanism of signal transduction, because 
e phosphoiylated tyrosines that are recognized include those 
.jf growth factor receptors such as the platelet-derived growth 
Mactor receptor, the EGF receptor, and the fibroblast growth 
Jyactor receptor. On binding their respective growth factors, the 
ip|rowth factor receptors have their tyrosine kinase activity ac- 
^itrvated, which allows them to autophosphorylate. The auto- 
Sjitiosphorylated receptor then binds various proteins contain- 
||ing SH2 domains, which are then phosphoiylated to modulate 
Htheir activity. Thus, the binding of growth factor on the outside 
Tbf the cell results in phosphorylation on the inside of specific 
fjsubstrate proteins. The particular proteins that are phosphor- 
' ylated depend on the binding specificity of the SH2 domains 
... for the phosphoiylated receptor. Binding of different peptides 
i; to different SH2 domains has yielded the following results. 

Binding of SH2 proteins requires a large domain of the SH2 
/ protein. The conserved domain of SH2 domains, which is com- 
mon to more than two dozen proteins, has been crystallized for 
Src (224, 225) and solved by nuclear magnetic resonance spec- 
troscopy techniques for c-Abl (165) and p85a of PI3K (20). In 
r each case, this domain folds into a structure in which a set of 
internal antiparallel sheets is surrounded by two more or less 
symmetrical a-helices. The conserved amino acids tend to be 
part of the recognition for phosphotyrosine (e.g., Arg-175 of 
Src) or part of the hydrophobic pocket. Variable regions are 
responsible for sequence recognition (205) and may be parts of 
variable loops of unknown function (188). 

Binding of SH2 proteins requires phosphoiylated tyrosine in 
vitro. Thus, the binding constant of a peptide to an SH2 pro- 
tein of p85 is between 50- and 800-fold weaker without the 
phosphate than with the phosphate (64). This preference is 
attributable to specific side chain contacts of the SH2 domain 
with the phosphoryl group of phosphotyrosine. The phosphoryl 
oxygens are hydrogen bonded with two guanidinium hydro- 
genSj one from one arginine and one from another arginine, 
one hydroxyl hydrogen from threonine and one from serine, 
and a backbone amide hydrogen. One of the arginines appears 
to be acting both as a hydrogen bond donor and as an ion pair 
with the phosphate group. Thus, it cannot be substituted with 
lysine without loss of binding (140). These contacts are the 
same whether a weak-affinity (224) or a strong-affinity (225) 
phosphotyrosine-containing peptide is used. 

SH2 domains make contacts with only a small region sur- 
rounding the phosphoiylated tyrosine. Small peptides faith- 
fully reproduce binding to SH2 domains and display binding 
constants of the order of nanomolar (64, 218). This is consis- 
; tent with the crystallographic data of the SH2 domain of v-Src 
bound to a high-affinity 11-amino-acid peptide; the data clearly 
: show significant peptide-protein interactions at 6 of the 11 
positions of the phosphopeptide, from -2 to +3, relative to 
the tyrosine residue (225). These are the residues that have 
associated high electron density, indicating a fixed position in 
the crystal (except for the side chain portion of Gln-1). In 
addition to the phosphotyrosine-binding interactions described 
.,4$>9ve, there are several ring interactions that define the rest of 
phosphotyrosine pocket There is also a very well-defined 
^interaction of isoleucine at +3 with a deep pocket in the SH2 
^oinain that results in protection of 95% of the surface of the 
•^xuno acid side chain. The two glutamate residues at +1 and 
.;^^are on the surface of the protein and largely exposed to 
^solvent Glu+1 appears to interact through its carboxyl group 
a lysine amino group, and Glu+2 appears to be stabilized 
iby.a nearby arginine guanidinium and its associated H 2 0 mol- 
J|i|^tes. The amino acids at positions —1 and —2 appear to cap 




the phosphotyrosine binding through the polypeptide back- 
bone^ position —1 and the proline ring at —2. 

Other SH2 domain proteins bind different peptides through 
interactions at the same +1 to +3 positions relative to the 
phosphotyrosine. This has been elegantly investigated by 
Songyan^et al. (205) through a study of selectivity of binding 
of random peptides to different SH2 domains. Although the 
results obtained in this experiment represent bulk selectivity 
for certain amino acids at certain positions relative to phos- 
photyrosine, rather than selectivity of individual peptides of 
known sequence, the results are clear. Each of the three posi- 
tions following the phosphotyrosine plays an important role in 
determining the selectivity of binding in certain SH2 proteins, 
but the amino acids that are crucial and the extent to which 
they are crucial differs markedly. Thus, most of the discrimi- 
nation of the C-terminal SH2 domain of p85 is due to its 
preference for methionine at +3, whereas most of the discrim- 
ination of Nek is at positions 1 and 2, where it prefers gluta- 
mate and aspartate, respectively (205). 

SID Domain 

The SH3 domain is a second honcatalytic domain of Src 
which is involved in protein-protein interactions and which is 
part of a motif shared by other proteins, including tyrosine 
kinases, phospholipase C-y (PLC-y) PI3K, GTPase-activating 
protein, the cell proliferation proteins Crk and Grb2/Sem5, 
and the cytoskeletal proteins spectrin, myosin 1, and an actin- 
binding protein (see references 117, 120, 154, and 168 for a 
recent list). More than 27 proteins have been shown to have an 
SH3 domain, which varies between about 55 and 75 amino 
acids, and its structure has been determined from four differ- 
ent specific domains: spectrin (154), Src (245), PI3K (120), and 
PLC (118). Each such structure is composed of antiparallel 
sheets oriented more or less at right angles to one another (or, 
for PLC, two partial greek key motifs of a barrel oriented such 
that the strands on opposite sides cross almost perpendicular- 
ly), and the amino acids in the conserved strands and a con- 
served C-terminal 3 10 helix correspond to many of those that 
are conserved among SH3 proteins. In each case, a hydropho- 
bic pocket is formed on the surface of the molecule; those of 
PI3K and Src are remarkably similar (120), and the location of 
the pocket is conserved between PLC and spectrin (118). This 
hydrophobic pocket has been implicated in peptide binding for 
Src (245), since binding of such a peptide perturbs the signal 
from these amino acids. There are notable differences among 
the protein structures; PLC, for example, is very similar in 
secondary structure to spectrin but not to Src, leading to dif- 
ferent architectures (118). This property presumably leads to 
different binding specificities. 

The substrates to which SH3-containing proteins bind in- 
clude an uncharacterized protein similar to GTPase-activating 
protein-rho, detected with Abl (36); mSosl and hSosl (pro- 
teins similar to Drosophila Sos, which is required for Ras sig- 
naling), detected with Grb2 (187); formin and the rat m4 
muscarinic receptor, detected with Abl (181); PI3K, detected 
with v-Src (130); and p56 !ck and pS^ (111, 173). 

Like the SH2 domain, the SH3 domain binds simple pep- 
tides with a high degree of sequence specificity and a high 
affinity. As judged on a qualitative basis, a 10-amino-acid pro- 
line-rich sequence is responsible for strong binding of the Abl 
SH3 domain to two proteins, called 3BP-1 and 3BP-2 (36, 181). 
This binding is specific in two ways. First, some but not all 
single-amino-acid alterations destroy detectable binding. Thus, 
prolines at positions 2, 7, and 10 are important but those at 5 
and to some extent 9 are not. Nonproline residues do not 
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appear to be as important, except perhaps at position 1 (181). 
Second, peptide binding is SH3 domain specific. Thus, 3BP1 
binds the SH3 domains of Abl and Src but not those of Neural 
Src or Crk (36), and 3BP2 binds most strongly to Abl SH3, less 
so to Src SH3 and Grb2, and poorly to Nek (181). 

Similarly, binding of mSosl to Grb2 appears to be through a 
proline-rich motif at the C terminus of the protein (187); any 
of several proline-rich 11-amino-acid peptides corresponding 
to sequences in this region all compete, and competition ap- 
pears to require a C-terminal arginine. This arginine may add 
selectivity to the binding of mSosl to Grb2. A peptide contain- 
ing the relevant arginine^ontaining motif binds to Grb2 
through its SH3 domain with a K d of 25 nM (128). 

CONCLUDING REMARKS 

Alberts and Miake-Lye (5), summarizing a meeting entitled 
Proteins as Machines, described Tom Pollard's flow diagram 
for the detailed analysis of a cell biology process. First, a 
complete inventory of all the molecules making up the . ma- . 
chine must be made. Second, a determination must be made of 
how and in what order the molecules interact with each other. 
Third, both detailed rate constants for each transition and 
structures of each component at atomic resolution must be 
obtained. While no process is yet completely understood at the 
three levels described by Pollard, enormous progress has been 
made in deciphering protein machines. In this review, we have 
tried to convey some of the classical and more recent ap- 
proaches used to develop the inventory of proteins and the 
nature of their interactions. 

Two factors are having a large impact on how cellular pro- 
cesses are viewed. First, the vast amount' of DNA sequence 
information being obtained means that the identity of almost 
all proteins, at the level of primary sequence, may soon be 
known. Complete sequences for organisms such as E. coli, 
yeast cells, and the nematodes and nearly complete compila- 
tions of the cDNA sequences for human tissues should be 
available in the next few years. Second, the range of new 
procedures now available means that hundreds to thousands of 
new protein-protein interactions may be identified in the same 
period. Ten to twenty years ago, only a few complexes of 
proteins were well characterized as to their subunit composi- 
tion and specific interactions; currently, a large number of such 
complexes are known. Relatively soon, there may be an enor- 
mous number. The continuing challenge will be for biochem- 
ists and cell, molecular, and structural biologists to use this 
information to understand how the cell works. 
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ASSAYS AND REAGENTS FOR AMYLOID DEPOSITION 

10 Field of the Invention 

The present invention relates to assays and re- 
agents useful for the chemical intervention of amyloidosis 
in Alzheimer's disease. 

15 Background of the Invention 

Alzheimer's disease (AD) is an age-related brain 
degenerative disease that is the most common cause of 
intellectual failure in late life. Neuritic or senile 
plaques and neurofibrillary tangles (NFT) are the hallmark 

20 characteristic of the histopathology of Alzheimer's 

brains. These plaques and tangles are believed to result 
from deposits of two different proteins which share the 
properties of the amyloid class of proteins specific for 
AD. 

25 The major protein component of amyloid is an ~4 

kilodalton (kd) protein , designated the beta-protein or A4 
protein due to a partial beta pleated structure or its 
molecular weight, respectively. The amino acid sequence 
of A4 has been defined (Wong et al., (1985) Proc Natl Acad 

30 Sci USA 82 :8729-8732) and full-length cDNA encoding a 
primary translation product of 695 residues has been 
cloned (Kang et al . , (1987) Nature 325 :733-736) while 
other cDNAs have been identified which encode a 751- 
residue or 770-residue precursor form (Ponte et al., 

35 (1988) Nature 331 :525-527; Tanzi et al . , (1988) Nature 
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331:528-530; and Kitaguchi et al., (1988) Nature 331 :530- 
532). 

The A4 protein accumulates extracellularly, both 
in brain parenchyma and in the walls of blood vessels, 
5 generally as amyloid plaques which form aggregate fibril 
structures and are insoluble on SDS-polyacrylamide gels . 
The fibrils are generally identified as amyloid based on 
their green birefringence after staining with Congo red 
and their 40- to 90 -A diameter • 

10 The second protein, mentioned previously, ac- 

cumulates intracellular ly in neurons of Alzheimer's brains 
(Castano and Frangione, (1988) Lab Invest 58 :122-132) and 
forms tangles composed of structures resembling paired 
helical filaments (PHFs). In contrast to the beta-amyloid 

15 protein, the primary structure and number of proteins 

comprising PHFs are unknown, PHF-containing neurites are 
found in the periphery of the plaque, whereas deposits of 
beta-amyloid protein form the central core of mature 
plaques, surrounded by degenerated neurites and glial 

20 cells. 

Although the etiology of AD is unknown, it has 
been demonstrated that the frequency of neuritic plaques 
found in the cortex of AD patients correlates with the 
degree of dementia (Roth et al., (1966) Nature 209 :109- 

25 110; Wilcock and Esiri, (1982) J Neurol Sci 56 :343-356). 
The therapeutic goals in amyloidosis are to prevent 
further deposition of amyloid material and to promote or 
accelerate its resorption. To date, there are no means 
available to treat the pathogenesis of AD and the paucity 

30 of understanding concerning the mechanism of amyloid 

formation in AD is a major obstacle in the development and 
design of therapeutic agents that can intervene in this 
process. Moreover, no animal models for brain amyloidosis 
with beta-amyloid protein deposits or PHFs exist, creating 

35 yet another obstacle to test such putative therapeutic 
agents . 
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Logical therapeutic approaches are now, however, 
emerging for treating the particular amyloidosis associ- 
ated with AD. These approaches are attributable, in part, 
from the successes and failure gained in attempting to 
5 treat other forms of amyloidosis, such as the use of 
dimethyl sulfoxide which blocks amyloid formation from 
Bence Jones proteins in vitro (Coria et al., (1988) Lab 
Invest 58 :454-458) and use of colchicine to reduce the 
size of renal amyloid deposits and induce clinical remis- 

10 sions in several cases of familial Mediterranean fever and 
amyloid nephropathy (Ravid et al-, (1977) Ann Intern Med 
87:568-570) . 

Efforts directed to the design of in vitro 
models of age-related cerebral amyloidogenesis using A4- 

15 derived synthetic peptides are disclosed in Castano et 
al., (1986) Biochem Biophys Res Comm 141 :782-789, and in 
Kirschner et al., (1987) Proc Natl Acad Sci USA 84 :6953- 
6957. Castano et al- demonstrated that amyloid fibrils 
could be formed in vitro when using a synthetic peptide 

20 corresponding to the amino-terminal 28 residues of the 

amyloid core protein. This 28 residue peptide, as well as 
a 17 residue sequence contained within the 28 amino acids, 
both formed fibrils which stain similarly to material 
isolated from Alzheimer's brains; however, the synthetic 

25 amyloid fibrils were soluble, unlike the naturally occur- 
ring insoluble amyloid isolated from Alzheimer's brains. 
Kirschner et al. demonstrated that the same 28 residue 
peptide could be produced as an insoluble aggregate; 
however, this particular in vitro model is not expected to 

30 correlate well to the cellular environment in which 
amyloid deposition occurs. 

Dyrks et al., (1988) EMBO J 7 :949-957 showed 
that a shortened cell-free translation product comprising 
the amyloid A42 part and the cytoplasmic domain of the 

35 695-residue precursor can form multimers. While 

aggregation was observed employing an in vitro cell- free 
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system, this system fails to reveal whether aggregation of 
the translation product would naturally follow in vivo. 
Moreover , the in vitro cell-free system does not address 
protein stability issues, that is, whether adequate levels 
5 of the protein could be expressed, whether protein 
proteolysis exists, and other concerns generally 
associated with in vivo expression of recombinant 
proteins . 

Therefore, there exists a need for a definitive 
10 cellular deposition model with which one may assay agents 
capable of chemically intervening in the process of 
amyloid deposition- Such a method should be relatively 
simple to perform and should be highly specific in 
distinguishing AD plaques from the plaques associated with 
15 other disorders. Furthermore, it is desirable that the 
assay be capable of being reduced to a standardized 
format. The present invention satisfies such needs and 
provides further advantages. 

20 Summary of the Invention 

The present invention provides a method for 
determining the ability of a potential therapeutic agent 
to intervene in the amyloid deposition process associated 
with Alzheimer's disease in a cellular environment, which 

25 method utilizes a recombinantly produced amyloid substrate 
in a screening assay. The present invention also allows 
for the development and use of immunological reagents to 
detect the formation of preamyloid protein aggregation in 
the cell lines provided by the invention. 

30 To achieve the objects and in accordance with 

the purpose of the invention, as embodied and broadly 
described herein, a method of screening agents capable of 
intervention in Alzheimer's disease amyloidosis comprises: 
a) culturing a cell line capable of expressing a 

35 gene encoding beta-amyloid protein under conditions suit- 
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able to produce the beta-amyloid protein as an insoluble, 
preamyloid aggregate; 

b) combining a known quantity of the agent to be 
tested to the cell culture; and 
5 c) monitoring the combination to determine 

whether preamyloid aggregate formation is reduced - 

In an alternative embodiment of the invention, 
preamyloid formation can be induced through infection of a 
cell line with a recombinant virus capable of expressing 
10 the beta-amyloid protein as an insoluble preamyloid 
aggregate. Such recombinant viruses carry expression 
vectors comprising DNA encoding the beta-amyloid protein. 

Immunoassay kits employing the reagents useful 
to screen potential amyloid intervening agents are also 
15 provided by the present invention. 

Brief Description of the Drawings 

FIG. 1 is a schematic illustration of two 

amyloid expression constructs employing the vaccinia pUVl 

20 insertion vector. 

FIG 2 . illustrates the results of 
35 

immunoprecipitation of S-methionine labeled W:A99 
infected CV-1 cell lysates using APCP antibodies. The 
arrows mark A99 protein. 

25 FIG 3. are fluorescent photomicrographs of 

infected CV-1 cells stained with APCP antibodies. FIG. 3A 
is a Mock control; FIG. 3B is a W:CONT control; FIG. 3C 
is the W:99 construct; and FIG. 3D is the W:42 
construct. The magnification is 200x with a 0.4 second 

30 exposure time for each photo. 

FIG. 4 is a illustration of the modified beta- 
actin expression selection vector, pAX-neo, that was 
employed to express the beta-amyloid core constructs in 
mammalian cells . 



35 
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Detailed Description of the Preferred Embodiments 

As indicated above, the invention involves a 
method of screening agents capable of intervention in 
Alzheimer's disease amyloidosis. 
5 As used herein, the term "beta-amyloid core 

protein" or "A4 protein" refers to an approximately 4 kd 
protein first identified by Glenner and Wong, (1984) 
Biochem Biophys Res Comm 120 ; 885, which is defined at the 
amino terminus by sequence analysis as a mixture of four 

10 peptides with slightly different amino termini, the amino 
termini of the three smaller peptides being completely 
encoded by that of the largest. 

The term "beta-amyloid precursor protein" refers 
to either the amyloid precursor protein of 695 amino acids 

15 (Kang et al. r (1987) supra ) or the 751 amino acid protein 
(Ponte et al. f (1988) supra ) containing within their 
sequence, the beta-amyloid core protein sequence defined 
above. The A4 core protein begins at amino acid 597 of 
the 695 amino acid protein and at amino acid 653 of the 

20 751 amino acid sequence. 

The terms "preamyloid aggregation", "preamyloid 
formation", or "preamyloid deposits" refer to a 
morphological description — first discovered by 
Tagliavini et al. , (1988) Neurosci Lett 93 ; 19 1-196 — of 

25 spherical, granular deposits which are considerably 
smaller than pre-plaques and plaques found at a high 
frequency in the brains of Alzheimer's victims. These 
deposits can be occasionally detected with silver stain 
but not with Congo red, a stain to which amyloid proteins 

30 demonstrate high binding affinity. 

As used herein, the term "insertion vector" 
includes plasmids, cosmids or phages capable of mediating 
homologous recombination into a viral genome such that the 
DNA encoding the beta-amyloid protein is stably carried by 

35 the resulting recombinant virus. In one embodiment of the 
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invention plasmids constructed from vaccinia virus DNA are 
employed . 

The term "expression vector" includes plasmids, 
cosmids or phages capable of synthesizing a protein 
5 encoded by the respective recombinant gene carried by said 
vector. Such vectors are independently replicated in or 
capable of integration into the chromosome of an appropri- 
ate host cell for expression of the amyloid protein. 

A cell has been "transformed" by exogenous or 

10 heterologous DNA when such DNA has been introduced inside 
the cell. The transforming DNA may or may not be 
integrated (covalently linked) into chromosomal DNA making 
up the genome of the cell. In prokaryotes, yeast, and 
mammalian cells, for example, the transforming DNA may be 

15 maintained on an episomal element such as a plasmid. The 
cell has been stably transformed when the cell is able to 
establish cell lines or clones comprised of a population 
of daughter cells containing the transforming DNA. A 
"clone" is a population of cells derived from a single 

20 cell or common ancestor by mitosis. A "cell line" is a 
clone of a cell that is capable of stable growth in vitro 
for many generations . 



A. Beta-Amyloid Coding Sequences 

25 The beta-amyloid genes may be synthetic or 

natural, or combinations thereof. The gene encoding the 
natural 751 amino acid precursor protein is described in 
PCT WO88/03951, published 2 June 19B8 and assigned to the 
same assignee of the present application, and the expres- 

30 sion of the protein in mammalian cells is provided in 

Example 4 therein. The relevant portions of this publica- 
tion are specifically incorporated herein by reference. 

The genes encode the A42 core protein or an 
amyloid protein, A99, which comprises the A42 core protein 

35 and the cytoplasmic domain. This latter protein consists 
of the 42 residue core protein and 57 amino acids of the 
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cytoplasmic domain of the 751 precursor protein. The 
sequence of A99 is as follows: 

10 

Asp Ala Glu Phe Arg His Asp Ser Gly Tyr Glu Val His His Gin 
5 20 30 

Lys Leu Val Phe Phe Ala Glu Asp Val Gly Ser Asn Lys Gly Ala 

40 (42) 

He He Gly Leu Met Val Gly Gly Val Val He Ala Thr Val He 
50 60 
10 Val lie Thr Leu Val Met Leu Lys Lys Lys Gin Tyr Thr Ser He 

70 

His His Gly Val Val Glu Val Asp Ala Ala Val Thr Pro Glu Glu 

80 90 
Arg His Leu Ser Lys Met Gin Gin Asn Gly Tyr Glu Asn Pro Thr 
15 (99) 
Tyr Lys Phe Phe Glu Gin Met Gin Asn. 

These genes are provided for expression of the desired 
protein using recombinant DNA expression vectors. 

20 As mentioned above, these genes may be natural, 

synthetic or combinations thereof. When preparing a 
synthetic nucleotide sequence, it may be desirable to 
modify the natural amyloid nucleic acid sequence. For 
example, it will often be preferred to use codons which 

25 are preferentially recognized by the desired host. In 
some instances r it may be desirable to further alter the 
nucleotide sequence, either synthetic or natural, to 
create or remove restriction sites to, for example, 
enhance insertion of the gene sequence into convenient 

30 expression vectors or to substitute one or more amino 

acids in the resulting polypeptide to increase stability. 
A general method for site-specific mutagenesis is 
described in Noren et al . , (1989) Science 244 ;182-188. 

Peptides of this precursor protein, for example, 

35 those derived from the A4 core protein, are also provided 
herein for the generation of specific immunological re- 
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agents and may also be synthetic or natural. Synthetic 
oligonucleotides are prepared by either the 
phosphotriester method as described by Edge et al., (1981) 
Nature 292:756 and Duckworth et al., (1981) Nuc Acids Res 
9:1691 or the phosphoramidite method as described by 
Beaucage and Caruthers, (1981) Tet Lett 22 ; 1859 and 
Matteucci and Caruthers, (1981) J Am Chem Soc 103 : 3185 , 
and can be prepared using commercially available automated 
oligonucleotide synthesizers. 



B. Vaccinia Viral Vectors 

The coding sequences for the amyloid proteins 
can be inserted into vaccinia virus plasraid insertion vec- 
tors for the purpose of generating recombinant vaccinia 
viruses using the methods described in Moss et al., (1983) 
Methods in Gene A mplification , Vol. 3, Elsevier-North Hol- 
land, p. 202-213; and in Moss et al., (1984) J Virol 
19:857-864. The amyloid-vaccinia recombinants can then be 
used for (1) expression of the respective amyloid protein 
and analysis of preamyloid formation, and (2) production 
of amyloid antibodies. 

The two vaccinia virus insertion vectors, pSCll 
(Chakrabarti et al . , (1985) Mol Cell Biol 5 ; 3403-3409 and 
pUVl (Falkner et al., (1987) Nuc Acids Res 15 :71921 were 
^ used for the expression of the amyloid proteins and 

generation of amyloid-vaccinia recombinants. Both vectors 
are of the co-insertion variety and each contains two 
vaccinia virus promoters. One promoter (PI) is used to 
drive the expression of a selectable marker gene (in this 
3o case, beta-galactosidase) while the other promoter (P2) is 
used to drive expression of the heterologous amyloid DNA 
insert. Both are flanked by vaccinia virus DNA (an inter- 
rupted thymidine kinase [tk] gene) which facilitates 
homologous recombination into a wild-type vaccinia virus 
35 genome and provides a selection mechanism (generation of 
tk minus viruses). The pSCll vector utilizes a vaccinia 
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early-late promoter (P7.5) to drive heterologous gene 
expression and has a single Smal cloning site. The pUVl 
vector utilizes a vaccinia late promoter (Pll) to drive 
heterologous gene expression and is designed for the 
5 expression of fusion proteins behind the ATG of the Pll 
late gene. In all cases, amyloid-pUVl constructs were 
made using the most 5 ' (after the ATG) cloning site 
(EcoRI) in order to avoid introduction of additional amino 
terminal amino acids into the native amyloid protein 
10 sequence. 

C . Recombinant Expression Vectors and Hosts 

It will also be understood by those skilled in 
the art that both procaryotic and eucaryotic systems may 

15 be used to express the amyloid genes described herein. 
Procaryotes most frequently are represented by various 
strains of E. coli ; however, other microbial strains may 
also be used. Plasmid vectors which contain replication 
sites, selectable markers and control sequences derived 

20 from a species compatiblie with the host are used; for 
example, E. coli is typically transformed using 
derivatives of pBR322, a plasmid derived from an E. coli 
species by Bolivar et al. f (1977) Gene 2 :95. pBR322 
contains genes for ampicillin and tetracycline resistance, 

25 and thus provides multiple selectable markers which can be 
either retained or destroyed in constructing the desired 
vector. Commonly used procaryotic control sequences which 
are defined herein to include promoters for transcription 
initiation r optionally with an operator f along with 

30 ribosome binding site sequences, include such commonly 
used promoters as the beta-lactamase (penicillinase) and 
lactose (lac) promoter systems (Chang et al., (1977) 
Nature 198 : 1056 ) , the tryptophan (trp) promoter system 
(Goeddel et al., (1980) Nucleic Acids Res 8 :4057), the 

35 lambda-derived P L promoter (Shimatake et al., (1981) 

Nature 292 :128) and N-gene ribosome binding site, and the 



WO 91/04339 



PCT/US90/05155 



-11- 

trp-lac (trc) promoter system (Amann and Brosius, (1985) 
Gene 40 :183) . 

In addition to bacteria, eucaryotic microbes, 
such as yeast, may also be used as hosts. Laboratory 
5 strains of Saccharomyces cerevisiae, Baker's yeast, are 
most used although a number of other strains or species 
are commonly available. Vectors employing, for example, 
the 2 micron origin of replication of Broach, (1983) Meth 
Enz 101 :307, or other yeast compatible origins of replica- 

10 tion (see, for example, Stinchcomb et al., (1979) Nature 
282 : 39; Tschumper et al. r (1980) Gene 10 :157 and Clarke et 
al., (1983) Meth Snz 101 :300) may be used. Control 
sequences for yeast vectors include promoters for the 
synthesis of glycolytic enzymes (Hess et al . , (1968) J Adv 

15 Enzyme Reg 7 :149; Holland et al., (1978) Biochemistry 

17:4900). Additional promoters known in the art include 
the promoter for 3-phosphoglycerate kinase (Hitzeman et 
al., (1980) J Biol Chem 255 :2073)* Other promoters, which 
have the additional advantage of transcription controlled 

20 by growth conditions and/or genetic background are the 
promoter regions for alcohol dehydrogenase 2, 
isocytochrome C, acid phosphatase, degradative enzymes 
associated with nitrogen metabolism, the alpha factor 
system and enzymes responsible for maltose and galactose 

25 utilization. It is also believed terminator sequences are 
desirable at the 3' end of the coding sequences. Such 
terminators are found in the 3' untranslated region fol- 
lowing the coding sequences in yeast-derived genes . 

It is also, of course, possible to express genes 

30 encoding polypeptides in eucaryotic host cell cultures 
derived from multicellular organisms. See, for example, 
Axel et al., U.S. Patent No. 4,399,216- These systems 
have the additional advantage of the ability to splice out 
introns and thus can be used directly to express genomic 

35 fragments. Useful host cell lines include VERO, HeLa, 
baby hamster kidney ( BHK ) , CV-l r COS, MDCK, NIH 3T3, L, 
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and Chinese hamster ovary (CHO) cells. Expression vectors 
for such cells ordinarily include promoters and control 
sequences compatible with mammalian cells such as, for 
example , the commonly used early and late promoters from 
5 Simian Virus 40 (SV40) (Fiers et al., (1978) Nature 

273 :113) r or other viral promoters such as those derived 
from polyoma , herpes virus, Adenovirus 2, bovine papilloma 
virus, or avian sarcoma viruses. The controllable 
promoter, hMTII (Karin et al., (1987) Nature 299 :797-802) 

10 may also be used. General aspects of mammalian cell host 
system transformations have been described by Axel, supra > 

Insect expression systems may also be employed 
to express the amyloid genes. For example r the 
baculovirus polyhedrin gene has been employed for high- 

15 level expression of heterologous proteins (Smith et al., 
(1983) Mol Cell Biol 3 ( 12) :2156-2165 : Summers et al . , 
"Genetic Engineering of the Genome of the Autoqrapha 
Californica Nuclear Polyhedrosis Virus", Banbury Report: 
Genetically Altered Viruses in the Environment, 22:319- 

20 339, Cold Spring Harbor Laboratory, 1985). 

D- Generation of Stably Trans fected Cell Lines 

The amyloid DNA clones expressed in vaccinia can 
also be used to generate stably transfected cell lines 

25 expressing the amyloid proteins. In general, these cell 
lines are generated by first constructing one of two 
expression plasmids. In both expression plasmids, the 
selectable marker is provided by a G418 neomycin expres- 
sion cassette (neo) consisting of the SV40 early promoter, 

30 the bacterial kanamycin-resistance gene also containing 
its own promoter, the SV40 intervening sequence, and the 
SV40 polyadenylation site from the early region. In the 
first expression plasmid p the amyloid DNA cloning site is 
flanked at the 5' end by the human metallothionein gene 

35 promoter, pMtlla, modified with an SV40 enhancer, and at 
the 3' end by the SV40 polyadenylation site from the early 
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region. In the second expression construct, the amyloid 
DNA cloning site is flanked at the 5' end by a beta-actin 
promoter, and at the 3' end by a sequence encoding a use- 
ful polyadenylation site, such as that of the SV40 early 
5 region or the beta-actin gene. 

Each of the vectors described above can be 
transformed into a mammalian cell line such as, but not 
limited to, those described in the following examples by 
either calcium phosphate-DNA coprecipitation or electro- 

10 poration. A day later, the cells are subjected to 1 mg/ral 
G418 to provide pools of G418-resistant colonies. Suc- 
cessful transformants, also having a stable inheritance of 
the DNA contained in the expression construct, are then 
plated at low density for purification of clonal isolates. 

15 Clonal isolates are then analyzed for maximum production 
of the amyloid protein of interest and high-producing 
clones are expanded to serve as stock. 

E. Detection Methods for Pream vloid Formation 

20 The diagnosis of amyloidosis is established by 

demonstration of the characteristic emerald-green 
birefringence of tissue specimens stained with Congo red 
and examined by polarization microscopy. Congo red stain- 
ing is generally carried out using commercially available 

25 diagnostic kits. The isolation and characterization of 
the A4 protein has allowed specific antibodies to be 
raised that recognized cerebral amyloid in Alzheimer's 
disease (Allsop et al (1986) Heurosci Lett 68:252-256) ■ 
Moreover, Tagliavini et al., (1988) s upra , have 

30 demonstrated that antibodies can be generated which detect 
in both Alzheimer's patients and to a lesser extent in 
non-demented individuals preamyloid deposits, which 
deposits lack the tinctorial and optical properties of 
amyloid and are, therefore, undetectable using 

35 conventional staining methods employing principally Congo 
red, but also thioflavin S or silver salts. 
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Standard protocols can be employed for preparing 
antibodies directed against the amyloid proteins of the 
invention. Techniques for preparing both polyclonal and 
monoclonal antibodies are well known in the art- Briefly, 
5 polyclonal antibodies are prepared by injecting amyloid 
protein or synthetic amyloid peptides with an adjuvant 
into an animal such as rabbits or mice. The amyloid 
protein may need to be conjugated to a carrier protein 
such as bovine serum albumin or keyhole limpet hemacyanin 

10 using a chemical process which employs carbodiimide, 
glutaraldehyde, or other cross-linking agents. 
Alternatively, the protein may be administered without 
being conjugated to a carrier protein. Vaccinia virus re- 
combinants which are expressing amyloid proteins may also 

15 be .used to prepare antibodies. The vaccinia virus re- 
combinants are injected into an animal and then the animal 
is boosted several weeks after the initial immunization. 
Ten days to two weeks later the animals are bled and 
antiserum is collected and analyzed for titer. 

20 Monoclonal antibodies are commonly prepared by 

fusing, under appropriate conditions, B- lymphocytes of an 
animal which is making polyclonal antibodies with an im- 
mortalizing myeloma cell line. The B-lymphocytes can be 
spleen cells or peripheral blood lymphocytes. Techniques 

25 for fusion are also well known in the art, and in general, 
involve mixing the cells with a fusing agent such as poly- 
ethylene glycol. Successful hybridoma formation is as- 
sessed and selected by standard procedures such as, for 
example, HAT medium. From among successful hybridomas, 

30 those secreting the desired antibody are screened by as- 
saying the culture medium for their presence. 

Standard immunological techniques such as EL ISA 
(enzyme-linked immunoassay), RIA (radioimmunoassay), IFA 
(immunofluorescence assay) and Western blot analysis, 

35 which are well known in the art, can be employed for 
diagnostic screening for amyloid expression. A vast 
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liter a ture now exists with respect to various modifica- 
tions of the basic assay principle, which is simply that 
there must be a specific association between target 
analyte and antibody, which association is detectable 
5 qualitatively and/or quantitatively. Fluorescent, 
enzymatic, or radioactive labels are generally used. 

One typical arrangement utilizes competition, 
between labeled antigen (e.g. amyloid protein) and the 
analyte, for the antibody, followed by physical separation 

10 of bound and unbound fractions. Analyte competes for the 
binding of the labeled antigen; hence more label will 
remain in the unbound fraction when larger amounts of 
analyte are present. In this competitive-binding type 
assay, the sample is incubated with a known titer of 

15 labeled amyloid protein and amyloid protein antibody. 
Antibody-protein complex is then separated from 
uncomplexed reagents using known techniques and the amount 
of label in the complexed material is measured, e.g. by 
gamma counting in the case of radioimmunoassay or photo- 

20 metrically in the case of enzyme immunoassay. The amount 
of amyloid protein in the sample, if any, is determined by 
comparing the measured amount of label with a standard 
curve. 

Other embodiments of this basic principle 
25 include use of labeled antibodies per se, sandwich assays 
involving a three-way complex between analyte, anti- 
analyte antibody, and anti-antibody wherein one of the 
components contains a label, and separation of bound and 
unbound fractions using an immunosorbent. Agglutination 
30 assays which result in visible precipitates are also 

available (Limet et al., (1982) J Clin Chem Clin Biochem 
20:142-147). 

F . Screening Assay 
35 The present assay provides one of the first 

steps in addressing the question whether preamyloid corti- 
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cal deposits herald organic dementia. The concomitant 
appearance of preamyloid deposits and senile plaques sug- 
gests that preamyloid deposits may evolve into senile 
plaques. 

5 Down's syndrome is the one known disease closely 

related to the proposed etiology of AD. As from their 
twenties onward, Down's patients develop the full spectrum 
of Alzheimer's changes, i.e., NFTs, congophilic angiopathy 
and senile plaques. As reported in Giacione et al., 

10 (1989) Neurosci Letts 97 ; 232-238, a time-related analysis 
of preamyloid deposits and senile plaque distribution 
showed an age-dependent, inverse correlation between 
extracellular preamyloid deposits and senile plaque in 
Down's patients. While a similar, time-dependent study 

15 with Alzheimer's patients cannot be conducted, it is 

expected that a corresponding pattern (preamyloid turning 
to senile plaque deposits) would be found. Therapeutic 
agents which interfere with this process promise the 
development of successful therapeutic regimens for 

20 Alzheimer's disease. 

In the practice of the method of the invention, 
the expression of the amyloid protein is initiated by 
culturing the transformed cell line under conditions which 
are suitable for cell growth and expression of the amyloid 

25 protein. In this method, high level expression of the 

protein is preferred. In one embodiment of the invention, 
a CHO cell line transformed with a beta-act in vector 
comprising the DNA encoding the A42 or A99 amyloid protein 
is grown in a mammalian culture medium such as, for 

30 example, a 1:1 mixture of F12 medium and DME medium with 
10% fetal calf serum for 5-72 hr at 37°C. Transfected 
viral monolayers are selected and plaque purified, and 
stocks of amyloid-vaccinia recombinant viruses are 
prepared. 

35 The formation of the preamyloid aggregates can 

be monitored by standard iraraunocytochemical methods using, 
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for example, beta-amyloid primary antibodies which are 
detected using a secondary, labeled ant i- antibody. If one 
is interested in testing whether the compound of interest 
can inhibit prearayloid formation, the compound is 
5 introduced to the culture medium before monitoring for 
preamyloid aggregation. Alternatively, the compound is 
introduced to the culture medium after preamyloid forma- 
tion has been established and this reaction mixture is 
monitored to see whether the compound induces amyloid 

10 resorption ♦ 

Potential therapeutic compounds for use in the 
present invention include, for example, amyloid-fibril 
denaturing agents such as dimethyl sulfoxide, and 
cytotoxic agents such as colchicine and chlorambucil . The 

15 efficacy of these agents may be monitored through observa- 
tion of reduced antibody binding to the amyloid deposit. 
Reduction in such binding is indicative of reduced 
preamyloid deposition. Alternatively, preamyloid 
formation in the host cell may trigger other cellular 

20 events which could be employed as markers unrelated to the 
etiology of Alzheimer's disease, but correlative with the 
presence of preamyloid deposits. For example, an increase 
in the level of certain enzymes, specifically proteases, 
may be measured in lieu of the preamyloid deposition. 

25 Typically, an increase in the concentration levels of 
these enzymes is observed when cultured cells are 
subjected to stress. 

The present invention also encompasses kits 
suitable for the above diagnostic or screening methods. 

30 These kits contain the appropriate reagents and are 
constructed by packaging the appropriate materials, 
including the preamyloid protein aggregates immobilized on 
a solid support with labeled antibodies in suitable 
containers, along with any other reagents (e.g., wash 

35 solutions, enzyme substrate, anti-amyloid antibodies) or 
other materials required for the conduct of the assay. 



WO 91/04339 



PCT/US90/05155 



-18- 

The reagents are usually premeasured for ease of use. An 
optional component of the kit is a set of instructions 
describing any of the available immunoassay methods. For 
example, a kit for a direct assay can comprise preamyloid 
5 proteins aggregates immobilized on a solid immunoassay 

support and a container comprising labeled antibody to the 
amyloid protein, as well as the other reagents mentioned 
above . 

The following examples are designed to elucidate 
10 the teachings of the present invention, and in no way 

limit the scope of the invention. Most of the techniques 
which are used to transform cells, construct vectors 
perform immunoassays, and the like are widely practiced in 
the art, and most practitioners are familiar with the 
15 standard resource materials which describe specific condi- 
tions and procedures. The examples are written in 
observation of such knowledge and incorporate by reference 
procedures considered conventional in the art. 

20 EXAMPLE 1 

Description of Amyloid Plaque Core DNA Constructs 

The following examples describe the expression 
vectors containing the 42 amino acid plaque core region 

25 (A42), and the 42 amino acid plaque core region including 
the 57 amino acid adjacent carboxy-terminal region of the 
beta-amyloid precursor protein (A99). Alternative 
constructs for the A42 and A99 constructs were prepared 
which included a 17 amino acid amyloid signal sequence. 

30 As these constructs did not express the amyloid protein 
well, further experimentation with these vectors was not 
performed . 

Recombinant vaccinia viruses bearing amyloid 
DNAs encoding each of the two amyloid constructs (W:A42 
35 and W:A99) were generated by standard methods as reviewed 
by Mackett and Smith in (1986) J Gen Virol 67 ; 2067-2082 , 
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which is incorporated herein by reference. FIG. 1 il- 
lustrates the various amyloid expression constructs, all 
of which were modified at the 5' end to satisfy the clon- 
ing constraints of the vaccinia Pll promoter in the pUVl 
5 vector. Specifics for each construct are as follows: 

A. W:A42; 

The A42-encoding sequence (nucleotides 2080 to 
2205, numbered in accordance with the 751 amyloid pre- 
10 cursor sequence) was synthesized as a 145 basepair (bp) 
Eco RI- BamH I oligomer, provided below, containing the ap- 
propriate TGA stop codon and an amino-terminal Asn-Ser 
adaptor sequence: 

15 5' AAT TCC GAT GCA GAA TTC CGA CAT GAC TCA 

GGA TAT GAA GTT CAT CAT CAA AAA TTG GTG 
TTC TTT GCA GAA GAT GTG GGT TCA AAC AAA 
GGT GCA ATC ATT GGA CTC ATC GTG GGC GGT 
GTT GTC ATA GCG TGA TCT AGA TGA G 3' 

20 

The synthetic fragment was ligated to EcoRI- and 
BamHI-digested pGeml (Promega-Biotec ) , deriving pGemA42. 
The Eco RI- BamH I fragment of pGemA42 was subsequently 
isolated and ligated into the EcoRI- BamH I site of pUVl 
25 deriving pUVl:A42. 

The Xbal-Sall fragment of pUVl:A42 (287bp) was 
further subcloned into mpl8 for sequence confirmation. 

B. W:A99 : 

30 The DNA encoding the amyloid protein for the 

pUVl-A99 constructs was derived from 4T4B, a plasmid en- 
coding the 751 amino acid precursor protein. The 
construction of plasmid 4T4B is described in Example 3 of 
PCT/US87/02953, owned by the same assignee. The relevant 

35 portions of this publication are incorporated herein by 

reference. The 590 bp Ddel-PvuII fragment of plasmid 4T4B 
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was isolated from the carboxy-terminal 1 kilobase (kb) 
EcoRI fragment of 4T4B and ligated with a 27 bp EcoRI-Ddel 
adaptor sequence and cloned into the Eco RI- and Smal- 
digested pUVl r deriving pUVl:A99. 
5 The 761 bp Xbal-Sall fragment of pUVl:A99 was 

further subcloned into the Xbal-Sall vector fragment of 
mpl8 and pGem2 . Sequence data confirmed the predicted 
sequence . 

EXAMPLE 2 
Expression of Amyloid Proteins 

The vaccinia insertion vectors described in 
Example 1 were used to generate amyloid-vaccinia re- 
combinant viruses as follows. 

A. Preparation of Amyloid-Vaccinia Virus Recombinants 

Confluent monolayers of CV-1 cells in 60 mm 
dishes were infected with vaccinia virus (Wyeth strain) at 
a multiplicity of infection (moi) of 0.05 pfu/cell. At 
0.5 hr post-infection, the cells were transfected with a 
calcium phosphate precipitate of 10 ug insertion plasmid 
DNA and 0.5 ug wild-type vaccinia virus DNA. Cells were 
fed with complete medium and incubated at 37°C for two 
days . Monolayers were collected and TK- vaccinia viruses 
were selected on TK-143 cells in the presence of 5- 
bromodeoxyuridine (BudR) at 25 ug/ml. At 48 hr after 
infection, monolayers were overlaid with 1% agarose 
containing 300 ug/ml 5-bromo-4-chloro-3-indolyl-B-D- 
galactopyranoside (Xgal). At 4-6 hr, blue plaques were 
picked and further purified by two additional rounds of 
plaque purification in the presence of BudR and Xgal. 
Stocks of the amyloid-vaccinia recombinant viruses were 
prepared in TK-142 or CV-l cells. Recombinant viral DNA 
was prepared from each stock and was shown by Southern 
blot analysis to contain the appropriate amyloid DNA 
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insert and to be free of contamination with wild-type or 
spontaneous TK- vaccinia. 

B. Identification of Amyloid-specific Polypeptides 
5 Produced By Vaccinia Virus Recombinants 

Characterization of the CV-1 expressed W:A42 
and W:A99 amyloid proteins was carried out employing 
imraunoprecipitation and polyacrylamide gel analysis of 
35 S-methionine-labeled infected cell protein using anti- 

10 bodies directed against the carboxy- terminal region of the 
amyloid precursor. 

The beta-amyloid antibodies were generated from 
synthetic peptides. The synthetic peptides were prepared 
using solid phase synthesis according to standard 

15 protocols. Purification of the crude peptides was ac- 
complished by desalting with gel filtration followed by 
ion-exchange chromatography and preparative reverse-phase 
liquid chromatography. Each peptide was fully character- 
ized by amino acid composition and sequence analysis. 

20 C00H-C0RE corresponds to amino acids 653- 

680 { DAEFRHDSGYEVHHQKLVFFAEDVGSSA) (the carbbxy-terminal 
two amino acids were taken from the amino acid sequence of 
Masters et al., (1985) Proc Natl Acad Sci 82 ;4245-4249 and 
are different in the deduced translation of the A4 cDNA of 

25 Ponte et al. f supra . C00H-B2 and C00H-C2 correspond to 

amino acids 7 3 6 - 7 5 1 ( NG YENPTYKFFEQMQN ) , C00H-B3 and C00H-C3 
correspond to amino acids 705-719 (KKKQYTSIHHGWEV) and 
COOH-C5 corresponds to amino acids 7 29- 
742 (HLSKMQQNGYENPT) . Reference for the numbering of 

30 peptides along the topology of the A4 precursor is from 
Ponte et al., supra . New Zealand white rabbits were im- 
munized intradermally with 500 ug of peptide conjugated to 
keyhole limpet hemocyanin. The rabbits were first bled at 
4 weeks and 1 week later the rabbits were boosted with 250 

35 ug conjugated peptide. Subsequent bleeds were done at 3 
week intervals with boosts following 1 week later. All 
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animals were treated in accordance with institutional 
guidelines. Antibody titers against the appropriate 
peptide were determined by enzyme-linked immunosorbent 
assays coupled with horseradish peroxidase and found to be 

5 7.4xl0 4 , 2.7xl0 5 , lxlO 5 , 9.1xl0 6 , 8.2xl0 5 , and 2.5xl0 5 for 
C00H-C0RE f C00H-B2, COOH-C2, C00H-B3 f COOH-C3 , and COOH- 
C5 , respectively . 

Antibodies to 9523 correspond to amino acids 
673-685 (AEDVGSKNGAIIG) and 9524 correspond to amino acids 

0 701-712 (LVMLKKKQYTSI ) . Antibodies to these two peptides 
were generated by coinjecting New Zealand white rabbits 
each with 200 ug methylated bovine serum albumin (PBS) 
plus 200 ug of the respective synthetic peptide in PBS. 
Rabbits were boosted one, two and three weeks following 

5 primary inoculation with identical amounts of peptide. 
Serum samples were taken at week 6 and titered against 
APCP synthetic peptide. Titers achieved were 1.5xl0 4 for 
9523 and 4xl0 5 for 9524. 

CV-1 cells were infected with W:99 at a 

0 multiplicity of infection of one. 35 S-methionine (250 
uCi/ml) was added at 20 hr post infection for 4 hr. Cell 
lysates were prepared and aliquots containing 10 cpm were 
imraunoprecipitated with amyloid-specific antisera (C00H- 
B3, C00H-C5 and COOH-CORE) or normal rabbit serum and 

5 protein A. 

Immunoprecipitates of 35 S-methionine cell 
lysates were analyzed on denaturing 20% SDS-polyacryl amide 
gels. As shown in FIG. 2, high levels of expression and 
stability of the A99 protein generated by W:A99 was 

0 demonstrated. The control sera (normal, nonimmune rabbit 
sera) did not display reactivity with the W:A99 protein 
product. The WiA99 amyloid core protein migrated as a 
broad band spanning approximately 11.5-17 kd molecular 
weight. In addition, higher molecular weight forms of the 

5 A99 protein were clearly observed. 
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The expression product of W:A99 demonstrated 
high level expression of the 99 amino acid core protein 
and showed evidence of self-aggregation as well as ag- 
gregation with other proteins or self -aggregation combined 
5 with proteolysis since multimers of A9 9 did not always 
occur in integers of 11.5-17 kd. 

EXAMPLE 3 

Staining of A42 and A99 Expressing Cells 

0 

Two human, SK-N-MC (ATCC # HTB10) and IMR-32, 
(ATCC # CCL127) and one rat, PC- 12 (Green and Tischler, 
(1976) Proc Natl Acad Sci USA 73 :2424-2428) neuronal cell 
lines were examined for their ability to permit efficient 

5 infection with the W:A42 and W:A99 recombinant viruses - 
All cell lines were documented as permissive hosts for 
vaccinia virus replication by infecting cells with a given 
amount (moi=2) of vaccinia virus of known titer. The 
infected cells were harvested 20 hours after infection, 

0 disrupted by freeze-thaw, and then titered. The yield was 
compared to the input viral units and if 20-100 fold 
increase results , the host cell was considered permissible 
for vaccinia replication. 

These neuronal lines and the CV-1 cell line were 

5 employed for amyloid staining studies . The culture medium 
for each host was as follows: 

CV-1: The medium was Eagle MEM supplemented with 

10% FBS, penicillin, streptomycin and L- 
0 Gin. 



SK-N-MC : 



Eagle MEM supplemented with 10% FBS , non- 
essential amino acids, penicillin, 
streptomycin and L-Gln. 
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PC-12: 



DMEM21, 5% DHS , 5% DFBS and L-Gln; and 



IMR-32: 



Eagle MEM (Hank's BSS) and 10% deltaFBS 
plus nonessential amino acids, penicillin, 
streptomycin and L-Gln. 



5 



Each cell line was grown to confluency on a 



microscope slide divided into 4 individual chambers (Lab 
Tech). One chamber was mock infected, the second infected 

10 with a control recombinant virus lacking A4 sequences 

(W:CONT), the third chamber infected with W:A99, and the 
fourth chamber infected with W:A42. This is an 
internally controlled method since each slide was 
manipulated as a single unit. 

15 Viral infections were carried out at a moi from 

5 to 20 viral plaque forming units (pfu) per cell and were 
harvested for staining at approximately 20 hours post 
infection. Slides prepared for immunocytochemistry were 
fixed with 4% paraformaldehyde and permeabilized with 0.2% 

20 Triton X-100 prior to treatment with primary and 

rhodamine-conjugated second antibodies (Capell Labs). 
Briefly, after permeabilization, cells were washed with 
PBS containing 0.2% gelatin. 100 ul of primary amyloid 
antibody (diluted 1/200 with PBS plus 0.2% gelatin) was 

25 incubated on the cells at 37°C for 30 minutes. Cells were 
washed for 10 minutes in PBS and 0.2% gelatin, then 
incubated at 37°C for 20 minutes with a 1/200 dilution (in 
PBS and gelatin) of secondary antibody (goat-anti-rabbit) 
tagged with Rhodamine. Cells were washed for 10 min in 

30 PBS and gelatin, then mounted for visualization in a 
fluorescent microscope. Antibodies used with success 
included 9523, 9524, B3 and C5 - CORE antibodies were not 
assessed. Alternatively, the slides were fixed in 4% 
paraformaldehyde then stained with Thioflavin S or Congo 

35 red, and counterstained with hematoxylin according to 
directions in commercial kits (Sigma). 
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IMR-32 and PC-12 cells presented some technical 
difficulties and thus further investigation with these 
cell lines was terminated. The IMR-32 cells did not 
adhere well to the microscope slides, which could be al- 
5 leviated by pretreatment with laminin, and, moreover, the 
IMR-32 cells did not tolerate the serum-free conditions 
during the infections. PC-12 cells showed high background 
immunostaining, hence, differences between experimental 
and control samples were not dramatic . 

10 FIG . 3 shows fluorescent photomicrographs of CV- 

1 cells stained with 1/200 dilutions of the core domain 
antibodies 952 3 antibodies. Specific and robust staining 
was seen in only the W:A99 and W:42 infected cells. 
W:99 specific staining, but not W:42 staining, was seen 

15 with the B3 antibody as would be anticipated since this 
region is not included in the W:A42 construct (results 
not shown) . Faint punctate staining was observed for both 
antibodies on all cells presumably due to endogenous A4 
precursor expression. The W:A99 and W:A42 infected 

20 cells displayed strong reactivity in the form of large 
deposit-like structures which are cell associated. The 
deposit-like structures are probably not cell debris from 
the viral cytopathicity since they are not seen in the 
W:C0NT cells and their immunoreactivity could be 

25 eliminated by preadsorption of the antisera with the 
synthetic peptide used to raise the serum. 

The possible potentiating effect of aluminum on 
deposit formation was investigated by pretreating the 
cells with 50 mM AlCl^. Aluminum might be considered a 

30 "cof actor" in the pathology of amyloid formation since it 
is present in plaques. However, no obvious qualitative 
difference in the degree of deposit formation between 
cultures treated and untreated with aluminum was found. 

It seems relevant that several researchers 

35 investigating A4 core domain immunoreactivity in brains of 
Alzheimer's victims describe similar structures as those 
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in FIG. 3. Each group reported finding significant 
amounts of specifically stained spherical, granular 
deposits which were considerably smaller than pre-plaques 
and plaques (Davies et al., (1988) Neuroloq 38 ; 1688-1693 ; 
5 Ikeda et al., (1989) Lab Invest 60 :113-122: Tagliavini et 
al., (1988) supra ; Tate-Ostroff et al., (1989) Proc Natl 
Acad Sci 86 :745-749). All research groups independently 
propose that the observed small granular deposits are the 
very early stages of amyloid plaque development. The 

10 structures observed in our cell culture system are 

analogous to those seen in the Alzheimer's diseased brain. 
It was noted by these investigators that the granular 
deposits could be occasionally detected with silver stain 
but not with Congo red. Because the Alzheimer's granular 

15 deposits were highly reactive with A4 antisera but were 
not easily reacted with stains capable of recognizing the 
tinctorial properties of amyloid, the structures were 
termed "preamyloid" deposits. 

20 EXAMPLE 4 

Establishment of Stable Cell Lines 

A number of constructs expressing the beta- 
amyloid core protein were constructed using a derivative 

25 of the beta-actin expression/selection vector designated 
pHbetaAPr-l-neo. This vector, illustrated in FIG. 4, is a 
combination of the following elements: 

a) bp 1-4300 is the 4.3 kb EcoRI- Alu I fragment 
from the human beta-actin gene isolate pl4Tbeta-17 

30 (Leavitt et al . , (1984) Mol Cell Biol 4 :1961-1969). For 
sequencing details of the promoter see Ng et al., (1985) 
Mol Cell Biol 5 :2720-2732. The cap site, 5' untranslated 
region and IVS 1 positions are indicated in FIG . 4. There 
is no ATG codon present in the 5' UT nor in the polylinker 

35 region from the 3 f splice site to the BamH I site; 
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b) bp 4300-4320 is in part derived from pSP64 
polylinker (Melton et al., (1984) Nuc Acids Res 12 ; 7035- 
7056); 

c) bp 4320-6600 is derived from pcDVl (Okayama & 
5 Berg, (1983) Mol Cell Biol 3 :280-289); and 

d) bp 6600-10000 is the Pvu II- Eco RI fragment 
from pSV-neo (Southern & Berg r (1982) J Mol App Genet 

lz 327-341) containing the bacterial neomycin gene linked 
to the SV40 origin plus early promoter. The direction of 

10 transcription is as indicated in FIG. 4. This vector was 
altered by deleting the EcoRI site and adding a new EcoRI 
site within the polylinker 3' to the Sai l site and 5 r to 
the Hind i I I site. This modified vector is designated pAX- 
neo. Beta-actin A42 was constructed by excising the 

15 Eco RI- BamH I 145 bp fragment from pGEM-A42, adding a Sal l- 
EcoRI adaptor sequence (5'-TCG ACA TGG ATG CAC AAT TA-3') 
and cloning into the pAX-neo expression vector at the 
Sall-and BamH I sites. The beta-actin A99 plasmid was 
constructed by excising the 670 bp Eco RI- Hind lll fragment 

20 of pGEM 2 -A99, adding the above-described Sal l- Eco RI adap- 
tor sequence and cloning into the pAX-neo vector at the 
Sai l and Hind i I I sites. 

Each construct was introduced into CHO cells by 
the calcium phosphate precipitation method using 7 ug of 

25 each DNA per 10 6 cells, and a resistant population was 
selected with G4 18 -neomycin. The efficiency of 
transfection for the A99 or A42 constructs was over 10 3 
for 10 6 cells and pools of cells transfected with either 
beta-actin A99 or with beta-actin A42 were selected using 

30 G418-neomycin resistance (500 ug/ml). 

Cell lysates from these pools are prepared and 
analyzed by immunoprecipitation of the A4 proteins as well 
as by Western blotting. High expressing clones are then 
selected and assayed for "preamyloid" deposits using the 

35 immunocyto-staining procedures described in Example 3. 
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EXAMPLE 5 
Assay for Preamyloid Deposition 

Cells infected with W:99 or W:42 which are 
5 capable of forming amyloid deposits are plated in a 96- 
well microtiter plate. To make the appropriate dilutions 
and additions, an automated pipetter is used to introduce 
the drug to be tested to the cells. A range of 
concentrations of the drug is incubated in a tissue 
10 culture incubator (or preincubated) with the cells at 37°C 
for a predetermined time period, or alternatively, for 3 
to 72 hours. 

Following incubation, the culture media is 
removed, and the cells are prepared for preamyloid 

15 measurement as follows. The cells are fixed for 

immunocytochemical staining with amyloid antibodies. The 
primary antibodies are introduced followed by incubation 
with labeled, secondary anti-antibodies and the level of 
binding between the primary and secondary antibodies is 

20 measured using an ELISA plate reader to record the optical 
density of the labeled antibody. A smaller optical 
density reading as compared to a control sample of cells 
grown in the absence of the test drug is indicative of 
that drug's ability to inhibit amyloid deposition. This 

25 procedure may be modified to permit detection of 

preamyloid dissolution using a correlative enzyme marker. 

It will be apparent to those skilled in the art 
that various modifications and variations can be made in 
30 the method of the present invention without departing from 
the scope or spirit of the invention. Thus, it is 
intended that the claims cover the modifications and 
variations of the invention. 



35 
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What is claimed is: 

1. A method of screening agents capable of 

5 intervention in Alzheimer's disease amyloidosis compris- 
ing: 

a) culturing a cell line capable of expressing a 
gene encoding beta-amyloid protein under conditions 
suitable to produce the beta-amyloid protein as an 

10 insoluble, preamyloid aggregate; 

b) combining a known quantity of the agent to be 
tested to the cell culture; and 

c ) monitoring the combination to determine 
whether preamyloid aggregate formation is reduced. 

15 

2 . The method of claim 1 wherein the beta- 
amyloid gene encodes a protein comprising the amyloid 
plaque core domain. 

20 3. The method of claim 1 wherein the beta- 

amyloid gene encodes a protein comprising the amyloid 
plaque core and the carboxy-terminal domains . 

4. The method of claim 3 wherein the beta- 
25 amyloid gene encodes the following polypeptide: 



30 
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10 

Asp Ala Glu Phe Arg His Asp Ser Gly Tyr Glu Val His His Gin 

20 30 
Lys Leu Val Phe Phe Ala Glu Asp Val Gly Ser Asn Lys Gly Ala 
5 40 (42) 

lie He Gly Leu Met Val Gly Gly Val Val He Ala Thr Val He 

50 60 
Val He Thr Leu Val Met Leu Lys Lys Lys Gin Tyr Thr Ser He 

70 

10 His His Gly Val Val Glu Val Asp Ala Ala Val Thr Pro Glu Glu 

80 90 
Arg His Leu Ser Lys Met Gin Gin Asn Gly Tyr Glu Asn Pro Thr 

(99) 

Tyr Lys Phe Phe Glu Gin Met Gin Asn. 

15 

5. The method of claim 1 wherein the preamyloid is 
derived from stable cell lines infected with recombinant 
vaccinia virus comprising the beta-amyloid gene. 

20 6. The method of claim 1 wherein the cell lines are 

derived from mammalian host cells. 

7 . The method of claim 1 wherein the agent to be 
tested is introduced during the growth phase of the cell 
25 culture to determine whether the agent inhibits preamyloid 
plaque formation. 

8- The method of claim 1 wherein the agent to be 
tested is added to the amyloid aggregate to determine 
30 whether the agent dissolves preamyloid plaque formation. 

9 . An immunological reagent capable of detecting 
preamyloid aggregate formation. 



35 10. The immunological reagent of claim 9 which is a 

monoc lona 1 ant ibody - 
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11. The immunological reagent of claim 9 which is a 
polyclonal antibody* 

12. A kit for an immunoassay to screen compounds 
5 capable of chemical intervention in amyloidosis of 

Alzheimer's disease comprising: 

a predetermined amount of preamyloid aggregate 
specific for Alzheimer's disease; and 

a predetermined amount of labeled antibody to said 
10 preamyloid aggregate. 

13. The kit according to claim 12 wherein said label 
is a component of an enzymatic reaction. 

15 14. The kit according to claim 12 wherein said 

preamyloid aggregate is immobilized on a solid immunoassay 
support . 

20 
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From genes to protein structure and function: 
novel applications of computational 
approaches in the genomic era 

Jeffrey Skolnick and Jacquelyn S. Fetrow 

The genome-sequencing projects are providing a detailed 'parts lisf of life. A key to comprehending this list is understanding 
the function of each gene and each protein at various levels. Sequence-based methods for function prediction are inadequate 
because of the multifunctional nature of proteins. However, just knowing the structure of the protein is also insufficient for 
prediction of multiple functional sites. Structural descriptors for protein functional sites are crucial for unlocking the secrets 
in both the sequence and structural-genomics projects. 



Genome-sequencing projects are providing a 
detailed 'parts list' for life. Unfortunately, this list, 
a portion of which represents the amino acid 
sequence of all the proteins in a given genome, does 
not come with an instruction manual. That is, given 
the genome's sequences, one does not necessarily know 
straight away which regions encode proteins, which 
serve a regulatory role and which are responsible for 
the structure and replication of the DNA itself. 

This is not unlike giving a child a list of parts nec- 
essary to create a working automobile. Without the 
necessary expertise, creating the final, working car from 
just the initial parts list is a nearly impossible task. Simi- 
larly understanding how to create a complete, func- 
tioning cell given just the sequence of nucleotides 
found in an organism's genome is a complex problem. 

What is a protein function? 

After a genome is sequenced and its complete parts 
list determined, the next goal is to understand the func- 
tion® of each part, including that of the proteins. What 
do we mean by protein function, the focus of this article? 

Function has many meanings. At one level, the pro- 
tein could be a globular protein, such as an enzyme, 
hormone or antibody, or it could be a structural or 
membrane-bound protein. Another level is its bio- 
chemical function, such as the chemical reaction and 
the substrate specificity of an enzyme. The regulatory 
molecules or cofactors that bind to a protein are also 
levels of biochemical function. 

At the cellular level, the protein's function would 
involve its interaction with other macromolecules and 
the function and cellular location of such complexes. 
There is also the protein's physiological function; that 
is, in which metabolic pathway the protein is involved 
or what physiological role it performs in the organism. 
Finally, the phenotypic function is the role played by 
the protein in the total organism, which is observed by 
deleting or mutating the gene encoding the protein. - 

J. Skolnick (shoJnkk@4anforthcmier.org) is at the Danforth Plant Science 
Center, Laboratory of Computational Genomics, 4041 Forest Pari' 
Avenue, St Louis, MO 63 108, VSAJ.S. Fetrow is at CeneFonnatia, 
Suite 200, 5830 Oberlin Drive, San Diego, CA 92121-3754, USA. 



Obviously, the complete characterization of protein 
function is difficult but efforts are under way at all levels 1 ^, 
including cellular function 5 - 6 . In this article, however, 
we focus on identifying the biochemical function of a 
protein given its sequence, a problem that is amenable to 
molecular approaches. 

Sequence-based approaches to function 
prediction 

The sequence-to-function approach is the most com- 
monly used function-prediction method. This robust 
field is well developed and, in the interest of space 
limitations, we will merely present a brief overview. 

There are two main flavors of this approach: sequence 
alignment 7-9 ; and sequence-motif methods such as 
Prosite 10 , Blocks 11 , Prints 12 - 13 and Emotif 14 . Both the 
alignment and the motif methods are powerful but a 
recent analysis has demonstrated their significant limi- 
tations 15 , suggesting that these methods will increasingly 
fail as the protein-sequence databases become more 
diverse. 

An extension of these approaches that combines 
protein-sequence with structural information has been 
developed and some successes have been reported 16 . 
However, this method still applies the structural infor- 
mation in a one-dimensional, 'sequence-like* fashion 
and fails to take into account the powerful three- 
dimensional information displayed by protein structures. 

In addition, proteins can gain and lose function dur- 
ing evolution and may, indeed, have multiple functions 
in the cell (Box 1). Sequence-to-function methods 
cannot specifically identify these complexities. Inaccu- 
rate use of sequence-to-functiorigiethods has led to 
significant function-annotation er^rs in the sequence 
databases 17 . .. 

An alternative approach 

An alternative, complementary approach to protein- 
function prediction uses the sequence-to-strurture-to- 
function paradigm. Here, the goal is to determine the 
structure of the protein of interest and then to identify 
the functionally important residues in that structure. 
Using the chemical structure itself to identify functional 
sites is more in line with how the protein actually works. 
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In a sense, this is one long-term goal of 'structural 
genomics* projects 1 H * 19 , which are designed to deter- 
mine all possible protein folds experimentally, just 
as genome-sequencing projects are determining all 
protein sequences 20 . This Is in contrast to traditional 
structural-biology approaches, in which one knows the 
protein's function first and only then, if the function is 
sufficiendy important, determines its structure. 

It is implicitly assumed that having the protein's struc- 
ture will provide insights into its function, thereby fur- 
thering the goals of the human-genome-sequencing 
project. However, knowing a protein's three-dimensional 
structure is insufficient to determine its function 
(Box 2). What we really need to analyse and predict the 
multifunctional aspects of proteins is a method spe- 
cifically to recognize active sites and binding regions in 
these protein structures. 

Active-site identification 

In order to use a structure-based approach to function 
prediction, one mast identify the key residues respon- 
sible for a given biochemical activity. For many years, 
it has been suggested that the active sites in proteins are 
better conserved than the overall fold. Taken to the 
limit, this suggests that one could not only identify dis- 
tant ancestors with the same global fold and the same 
activity but also proteins with similar functions but 
distantly related, or possibly unrelated, global folds. 

The validity of this suggestion was demonstrated 
empirically by Nussinov and co-workers, who showed 
that the active. sites of eukaryotic serine proteases, sub- 
tillsins and sulfhydryl proteases exhibit similar structural 
motifs 21 . Furthermore, in a recent modeling study of 
Saccharomyces cercvisiac proteins, protein functional sites 
were found to be more conserved than other parts of 
the protein models 22 . Similarly, it has been demon- 
strated that the catalytic triad of the ot/p hydrolases 
is structurally better conserved than other histidine- 
containing triads 23 . A comparison of the structure of the 
hydrolase catalytic triad to other hlstidine-containing 
triads shows a distinct bimodal distribution, while a 
similar analysis done with a randomly selected triad shows 
a unimodal distribution (Fig. 1). 

Kasuya and Thornton 24 generalized this example by 
creating structural analogs of a few Prosite sequence 
motifs 10 . For the 20 most-frequendy occurring Prosite 
patterns, the associated local structure is quite distinct. 
These results provide clear evidence that enzyme active 
sites are indeed more highly conserved than other parts 
of the protein. 

Identifying active sites in experimental structures 

Historically, several groups have attempted to iden- 
tify functional sites in proteins; these efforts were 
directed at protein engineering or building functional 
sites in places where they did not previously exist. This 
has been successfully accomplished for several metal- 
binding sites 25 " 33 . However, highly accurate functional- 
site descriptors of the backbone and side-chain atoms were 
"required, fueling the belief that significant atomic detail 
is required in site descriptors for function identification. 

Highly detailed residue side-chain descriptors of the 
active sites of serine proteases and related proteins have 
been used to identify functional sites 3 . The use of these 
highly detailed motifs has led to the identification of 



Box 1. Proteins are multifunctional 



A common protein characteristic that makes functional analysis based 
only on homology especially difficult is the tendency of proteins to be 
multifunctional. For instance, lactate dehydrogenase binds NAD, sub- 
strate and zinc, and performs a redox reaction. Each of these occurs 
at different functional sites that are in close proximity and the combi- 
nation of all four sites creates the fully functional protein. 

Other examples of multifunctional proteins are the nucleic-acid-binding 
proteins. For instance, DNA regulatory proteins often contain a DNA- 
binding domain, a multimerization domain and additional sites that bind 
regulatory proteins; a classic example is RecA 59 . The 3C rhinovirus 
protease exhibits a proteolytic function as well as an RNA-binding 
function 60 - 61 . Transcription factors are also complex, multifunctional 
proteins 62 . It is becoming increasingly important to recognize each of 
these different functions of gene products of a newly sequenced gene. 

The serine-threonine-phosphatase superfamify is a prime example of 
the difficulties of using standard sequence analysis to recognize the 
multiple functions found in single proteins. This large protein family is 
divided into a number of subfamilies, all of which contain an essential 
phosphatase active site. Subfamilies 1 , 2A and 2B exhibit 40% or more 
sequence identity between them 63 . However, each of these subfamilies 
is apparently regulated differently in the cell 64 - 67 and observation sug- 
gests that there are different functional sites at which regulation can 
occur. Because the sequence identity between subfamilies is so high, 
standard sequence-similarity methods could easily misclassify new 
sequences as members of the wrong subfamily if the functional sites 
are not carefully considered, as was recently demonstrated 43 . 

These are but a few examples of the multifunctionality of proteins. 
The recognition of this multifunctional nature is of critical importance 
to the genomics field. Useful functional-annotation methods must con- 
sider all of the specific functions in a given protein and will not just 
provide a general classification of function. 



several novel functional sites in known, high-quality 
protein structures 3 *-**. More automated methods for 
finding spatial motifs in protein structures have also 
been described 21 * 34 *^. 

Unfortunately, most of these methods require the 
exact placement of atoms within protein backbones and 
side chains, and so have not been shown to be relevant 
to inexact predicted structures. Recendy, however, we 
described the production of fuzzy, inexact descriptors 
of protein functional sites 15 . As we wish to apply the 
descriptors to experimental structures as well as to pre- 
dicted protein models, we used only carbon atoms and 
side-chain centen-of-mass positions. We call these 
descriptors 'fuzzy functional forms' (FFFs) and have 
created them for both the dLsuMde-oxidoreductase 15 * 41 
and a/p-hydrolase catalytic active sites 23 . 

The disulfide-oxidoreductase FFF was applied to 
screen high-resolution structures from the Brookhaven 
protein database 42 . In a dataset of 364 protein structures, 
the FFF accurately identified all proteins known to 
exhibit the dLsulfide-oxidoreductase active siteJ^In a 
larger dataset of 1 501 proteins, the FFF again accuStely 
identified all proteins with the active site. In adSltipn, 
it identified another protein, lfjm, a serine-threonine 
phosphatase. This result was initially discouraging but 
subsequent sequence alignment and clustering analysis 
strongly suggested that this putative site might indeed 
be a site of redox regulation in the serine— threonine 
phosphatase- 1 subfamily 43 . If confirmed by experiment, 
this result will highlight the advantages of using struc- 
tural descriptors to analyse multiple functional sites in 
proteins. It will also highlight the fact that human- . 
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Box 2. Knowing a protein's structure does not necessarily 
tell you its function 



Because proteins can have similar folds but different functions 68 - 69 , 
determining the structure of a protein may or may not ted you some- 
thing about its function. The most well-studied example is the (ot/p) 8 
barrel enzymes, of which triose-phosphate isomerase (TIM} is the arche- 
typal representative. Members of this family have similar overall struc- 
tures but different functions, including different active sites, substrate 
specificities and cofactor requirements 70 - 71 . 

Is this example common? Our own analysis of the 1997 SCOP data- 
base 68 shows that the five largest fold families are the ferredoxin- 
like, the (a/p) barrels, the knottins, the immunoglobulin-like and the 
flavodoxin-like fold families with 22, 18, 1 3, 9 and 9 subfamilies, respec- 
tively (Fig. i). In fact, 57 of the SCOP fold families consist of multiple 
superfamilies. These data only show the tip of the iceberg, because 
each superfamily is further composed of protein famifies and each indi- 
vidual family can have radically different functions. For example, the 
ferredoxirvte superfamily contains families identified as Fe-S ferredoxins, 
ribosomal proteins, DIMA-binding proteins and phosphatases, among 
others. 

After this article was submitted, a much-more-detailed analysis of the 
SCOP database was published 72 . This finds a broad function-structure 
correlation for some structural classes, but also finds a number of 
ubiquitous functions and structures that occur across a number of fam- 
ilies. The article provides a useful analysis of the confidence with which 
structure and function can be correlated 72 . Knowing the protein struc- 
ture by itself is insufficient to annotate a number of functional classes 
and is also insufficient for annotating the specific details of protein 
function. 
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Figure I 

Histogram of the numbers of superfamilies found in each SCOP fold family. 
These data clearly show that proteins with similar structures can have different 
functions and demonstrate the difficulty of assigning protein function based 
simply on the three-dimensional structure. The data were taken from the 1997 
distribution of SCOP (httpy/scop .mrc-lmb.cam.ac.uk/scop). For a more-detailed 
analysis, see Ret. 72. 



observation alone is no longer adequate for identifying 
all functional sites in known protein structures. 

To date, the use of structure to identify function has 
largely focused on high- resolution structures and highly 
detailed descriptors of protein functional sites. How- 
ever, the creation of inexact descriptors for functional 
sites opens the way to the application of these methods 
to inexact, predicted protein models. The question 
remains: how good does a model have to be in order 
to use FFFs to identify its active sites? 



The state of the art in structure-prediction 
methods 

For proteins whose sequence identity is above ~30%, 
one can use homology modeling to build the struc- 
ture 44 . However, structure prediction is far more difficult 
for proteins that are not homologous to proteins with 
known structure. At present, there are two approaches for 
these sequences: ab initio folding 45- * 8 and threading 49 " 53 . 

In ab initio folding, one starts from a random confor- 
mation and then attempts to assemble the native struc- 
ture. As this method does not rely on a library of 
pre-existing folds, it can be used to predict novel 
folds. The recent CASP3 protein-structure-prediction 
experiment (http://PredictionCenterJlnl.gov/ CASP3) 
involved the blind prediction of the structure of pro- 
teins whose actual structure was about to be experi- 
mentally determined. These results indicate that con- 
siderable progress has been made 46,54 . For helical and 
ot/p proteins with less than 110 residues, structures 
were often predicted whose backbone root-mean- 
square deviation (RMSD) from native ranged from 
4-7 A. Progress Ls being made with the p proteins, too, 
although they remain problematic. Because ab initio 
methods can identify novel folds, these methods could 
be used to help to select sequences likely to yield novel 
folds in experimental structural-genomics projects. 

Another approach to tertiary-structure prediction Ls 
threading. Here, for the sequence of interest, one 
attempts to 'find the closest matching structure in a 
library of known folds 52 - 55 . Threading Ls applicable to 
proteins of up to 500 residues or so and Ls much faster 
than ah initio approaches. However, threading cannot 
be used to obtain novel folds. 

Ab initio predicted models can be used for automatic 
protein-function prediction 

The results of the recent CASP3 competition sug- 
gest that current modeling methods can often (but not 
always) create inexact protein models. Are these struc- 
tures useful for identifying functional sites in proteins? 
Using the ab initio structure-prediction program 
MONSSTER, the tertiary structure of a glutaredoxin, 
lego, was predicted 56 . For the lowest-energy model, 
the overall backbone RMSD from the crystal structure 
was 5.7 A. 

To determine whether this inexact model could be 
used for function identification, the sets of correctiy 
and incorrectly folded structures were screened with 
the FFF for disulfide-oxidoreductase activity 15 . The 
FFF uniquely identified the active site in the correctly 
folded structure but not in the incorrecdy folded ones 
(Fig. 2). ThLs Lsa proof-of-principle demonstration that 
inexact models produced by ab initio prediction of 
structure from sequence can be usadfor the subsequent 
prediction ofbiochemical function. Jbf course, improve- 
ments in the method have to b^*". made before such 
predictions can be done on a routine basts. 

Use of predicted structures from threading in 
protein-function prediction 

At present, practical limitations preclude folding an 
entire genome of proteins using ab initio methods* 7 . 
Threading is more appropriate for achieving the requisite 
high-throughput structure prediction. Thus, a stand- 
ard threading algorithm 58 has been used to screen all 
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proteins in nine genomes for the disulfide-oxidoreductase 
active site described above. 

First, sequences that aligned with the structures of 
known disulfide oxidoreductases were identified. Then, 
the structure was searched for matches to the active- 
site residues and geometry. For those sequences for 
which other homologs were available, a sequence- 
conservation profile was constructed 23 . If the putative 
active-site residues were not conserved in the sequence 
subfamily to which the protein belongs, that sequence 
was eliminated. Otherwise, the sequence is predicted 
to have the function. 

Using this sequence-to-structure-to- function method, 
99% of the proteins in the nine genomes that have 
known disulfide-oxidoreductase activity have been 
found. From 10% to 30%> more functional predictions 
are made than by alternative sequence-based approaches; 
similar results are seen for the ot/p hydrolases 23 . Sur- 
prisingly, in spite of the fact that threading algorithms 
have problems generating good sequence-to-structure 
alignments, active sites are often accurately aligned, 
even for very distant matches. This observation would 
agree with the above experimental results indicating 
that active sites are well conserved in protein structures. 

Importandy, the false-positive rate when using struc- 
tural information is much lower than that found using 
sequence-based approaches, as demonstrated by a 
detailed comparison of the FFF structural approach and 
the Blocks sequence-motif approach (N. Siew et al. y 
unpublished). In this study, the sequences in eight 
genomes, including Bacillus suhtilis, were analysed for 
disulfide-oxidoreductase function using the dlsulfide- 
oxido reductase FFF, the thioredoxin Block 00194 and 
the glutaredoxin Block 00195. If we assume that those 
sequences identified by both the FFF and Blocks 
are 'true positives', we find 13 such sequences in the 
B. subtilis genome. 

There Is no experimental evidence validating all of 
these *true positives' and so they are more accurately 
termed 'consensus positives'. In order to find these 13 
'consensus positive' sequences, the FFF hits seven false 
positives. On the other hand, Blocks hits 23 false 
positives (Fig. 3). It was previously suggested that the 
use of a functional requirement adds information to 
threading and reduces the number of false positives 52 . 
These data, including the data shown in Fig. 3, validate 
this claim on a genome-wide basis. 

Of course, as no genome has had the function of all 
of its proteins experimentally annotated, it is imposs- 
ible to know how many other proteins with the speci- 
fied biochemical function were not properly identified. 
This is a critical question for researchers attempting to 
predict protein function. Experimental confirmation 
will be needed to validate this or any other method 
fully. This points out the need for closely coupling 
computational function-prediction algorithms with 
experiments. 

Weaknesses of using the sequence-to-structure- 
to-function method of function prediction 

Based on studies to date, the identification of enzy- 
matic activity requires a model in which the backbone 
RMSD from native near the active sites Is about 4-5 A. 
Predicted models are better at describing the geometry 
in the core of the molecule than in the loops and so 
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Figure 1 

The distribution of root-mean-square distributions (RMSD) between the hydrolase 
catalytic triad and afi other histidinecontaining triads shows a bimodal distribution 
(a); by contrast, the RMSD between a randomly selected (non-catalytic) triad and all 
other histidine-containing triads has a unimodal distribution (b). The His-Ser-Asp 
catalytic trial in the proteiri-1 gpl (Rp2 lipase) (a) and a random histidinecontaining 
triad from 4pga (glutaminase-asparaginase) (b) were structurally aligned to all His- 
containing triads in a database of 1037 proteins 23 . Actual a/p^iydrolase active sites 
(a) and the 4pga site {b| are indicated by blue bars; other histidine triads that are 
not active sites are indicated by red bars. None of the sites found by matching to the 
4pga were hydrolase active sites. Inset graphs show the full distribution. 

predicting the function of a protein whose active site is 
in loops may be a problem. Also, the method can cur- 
rendy only be applied to enzyme active sites; substrate- 
and ligand-bmding sites have not been identified using 
the inexact models. Techniques that will further refine 
inexact protein models will be quite useful in taking 
the protein analysis to the next step. 

Conclusions ^ * 

Although sequence-based approaches to prcpin- 
function prediction have proved to be very useful^lter- 
natives are needed to assign the biocfiemical function 
of the 30-50% of proteins whose function cannot be 
assigned by any current methods. One emerging 
approach involves the sequence-to-structure-to- function 
paradigm. Such structures might be provided by struc- 
tural-genomics projects or by structure-prediction 
algorithms. Functional assignment Is made by screen- 
ing the resulting structure against a library of structural 
descriptors for known active sites or binding regions. - 
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Figure 2 

Application of the disutfide^xidoreductase fuzzy functional form (FFF) to ab initio 
models of glutaredoxin created by the program MONSSTER shows that the FFF can 
distinguish between correctly folded and misfotded (or higher^energy) models. The FFF 
is shown as two orange balls (representing the cysteines) and a btue ball (represent* 
ing the proline). Hie protein models are shown as magenta wire models with the active- 
site cysteines and proline shown as yellow and cyan balls, respectively. The FFF clearly 
distinguishes the correct active site in the crystal structure of the glutaredoxin lego 
and the correctly folded, lowest-energy model. The FFF does not match to the active 
sites of any of the higher energy, misfolded structures, four of which are shown here. 
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Figure 3 

Analysis of the Bacillus subtifis genome using the thioredoxin Block 00194. The Blocks 
score (computed using the publicly available BLIMPS program) is plotted on the x axis 
and the number of sequences found in each scoring bin is plotted on the y axis. Those 
sequences identified as 'consensus positives' [identified by both the fuzzy functional 
form (FFF) and the Block) are shown as red bars. One additional sequence found by 
the FFF, which is likely to be a true positive, is shown as a blue bar. All other 
sequences, putative false positives', are shown as yellow bars. Using the Blocks 
score at which all 13 of the 'consensus positives* are found, 23 false positives are 
also found. In its analysis of the B. subMs genome, the FFF identifies only seven false 
positives along with the same 13 'consensus positives* (data not shown). 

Detailed descriptors will only work on the experi- 
mentally determined, high-quality structures. Ideally, 
however, the descriptors should work on both experi- 
mental structures and the cruder models provided by 
tertiary-structure-prediction algorithms. 

The advantages of such an approach are that one need 
not establish an evolutionary relationship in order to 
assign function, that more than one function can be 



assigned to a given protein [an Issue of major impor- 
tance, because proteins are multifunctional (Box 1)] 
and, ultimately, that having a structure can provide 
deeper insight into the biological mechanism of pro- 
tein function and regulation. The disadvantages are that 
one needs to have the protein's structure before a func- 
tion can be assigned and that the approach is limited to 
those functions associated with proteins with at least 
one solved structure, so that a functional-site descriptor 
can be constructed. 

In this sease, structure-to-function assignment can be 
thought of as 'functional threading* - find the active- 
site match in a library of descriptors for known protein 
active sites. This is the first step in the long process of 
using structure to assign all levels of function, a goal 
that is made increasingly important with the emergence 
of structural genomics. Based on the progress to date, 
it is apparent that structure will play an important role 
in the post-gen omic era of biology. 
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